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Long-­‐term	  material	  transport	  in	  estuaries	  is	  largely	  controlled	  by	  subtidal	  flow.	  Subtidal	  
flows	  are	  driven	  by	  conditions	  specific	  to	  their	  geographic	  location,	  namely	  river	  discharge,	  tidal	  
forcing,	  and	  wind.	  These	  conditions	  are	  further	  modified	  by	  mixing,	  curvature	  of	  the	  estuary,	  
Coriolis,	  and	  friction.	  While	  many	  practices	  of	  measuring	  these	  various	  forcing	  mechanisms	  
exist,	  the	  current	  literature	  fails	  to	  provide	  a	  standard	  for	  measuring	  turbulent	  mixing	  in	  well-­‐
mixed	  estuaries.	  As	  a	  changing	  climate	  affects	  these	  various	  forcing	  and	  modifying	  mechanisms	  
via	  sea	  level	  rise	  and	  increased	  precipitation,	  the	  corresponding	  material	  transport	  scheme	  is	  
expected	  to	  change	  accordingly.	  Subtidal	  flow	  and	  mixing	  dynamics	  in	  the	  Damariscotta	  River,	  a	  
critical	  hub	  in	  Maine’s	  oyster-­‐aquaculture	  industry,	  are	  investigated	  to	  explore	  how	  a	  changing	  
climate	  may	  affect	  local	  dynamics.	  Multiple	  field	  surveys	  are	  performed	  to	  adequately	  
characterize	  all	  three	  ‘reaches’	  of	  the	  Damariscotta	  River,	  each	  characterized	  by	  unique	  
bathymetric	  features,	  during	  varying	  river	  discharge	  and	  tidal	  conditions.	  In	  September	  2016	  
and	  March	  -­‐	  July	  2017,	  a	  total	  of	  eight	  field	  surveys	  were	  performed	  during	  sequential	  spring	  
and	  neap	  tides	  to	  cover	  both	  wet	  and	  dry	  seasons	  and	  a	  full	  range	  of	  tidal	  conditions.	  An	  
acoustic	  Doppler	  current	  profiler	  measured	  current	  velocities	  and	  a	  shear	  probe	  microstructure	  
profiler	  provided	  turbulent	  kinetic	  energy	  dissipation	  rates,	  density,	  and	  turbidity	  measurements	  
at	  four	  locations	  across	  estuary.	  Results	  show	  that	  subtidal	  flow	  structure	  changes	  significantly	  
between	  reaches,	  exhibiting	  a	  vertically	  sheared	  pattern	  in	  the	  lower	  reach	  and	  a	  mix	  of	  
vertically-­‐	  and	  laterally-­‐sheared	  patterns	  in	  the	  mid-­‐	  and	  upper	  reaches.	  These	  patterns	  are	  
further	  investigated	  through	  an	  analysis	  of	  the	  subtidal	  momentum	  balance,	  which	  allows	  for	  
the	  inspection	  of	  each	  forcing	  mechanism’s	  individual	  contribution	  to	  the	  observed	  dynamics.	  
Lateral	  and	  longitudinal	  advection	  and	  frictional	  effects	  were	  found	  to	  dominate	  in	  the	  estuary,	  
all	  of	  which	  increased	  in	  magnitude	  up	  estuary.	  Based	  on	  the	  momentum	  balance	  results,	  
predictions	  for	  the	  dynamic	  response	  to	  sea	  level	  rise	  and	  increased	  precipitation	  can	  be	  made.	  
Mixing	  conditions	  are	  also	  found	  to	  vary	  considerably	  between	  reaches	  with	  largest	  mean	  
turbulent	  kinetic	  energy	  dissipation	  rates	  observed	  in	  the	  upper	  reach.	  These	  patterns	  exhibit	  
increased	  tidal	  asymmetry	  up-­‐estuary,	  indicating	  the	  possibility	  of	  significant	  intermittency.	  
Intermittency	  in	  turbulence	  has	  recently	  received	  significantly	  more	  attention	  in	  the	  past	  decade	  
as	  oceanic	  and	  atmospheric	  researchers	  become	  aware	  of	  the	  problems	  it	  poses	  on	  accurately	  
measuring	  turbulence.	  A	  sensitivity	  analysis	  to	  dataset-­‐size	  is	  performed	  link	  various	  scales	  of	  
intermittency	  to	  tidal	  and	  hydrographic	  characteristics	  and	  identify	  how	  many	  profiles	  of	  
turbulent	  kinetic	  energy	  are	  necessary	  to	  precisely	  represent	  turbulent	  mixing	  in	  well-­‐mixed	  
estuaries.	  Internal	  intermittency	  is	  found	  linked	  to	  regions	  of	  complex	  geometry,	  transitions	  
phases	  of	  the	  tide,	  and	  regions	  of	  strong	  lateral	  and	  longitudinal	  straining	  of	  velocity	  shears.	  
Appropriate	  recommendations	  of	  sampling	  technique	  are	  made	  for	  use	  in	  other	  like	  estuaries.	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The	  Damariscotta	  River	  dominates	  oyster	  production	  in	  Maine,	  historically	  contributing	  
over	  two	  thirds	  of	  the	  state’s	  total	  harvest	  (Maine	  DMR,	  2012).	  In	  the	  face	  of	  a	  changing	  climate,	  
the	  futures	  of	  the	  aquaculture	  industry,	  its	  farmers,	  and	  local	  Maine	  economies	  are	  unknown	  
due	  to	  the	  host	  of	  the	  relatively	  poorly	  understood	  consequences	  that	  rising	  seas,	  increased	  
precipitation,	  and	  other	  changing	  conditions	  may	  cause	  for	  estuarine	  environments.	  Of	  
particular	  importance	  to	  aquaculture	  health	  are	  hydrographic	  conditions,	  especially	  sediments	  
and	  their	  movement	  throughout	  the	  water	  column	  (MacKenzie	  et	  al.,	  1983;	  Grant	  et	  al.,	  1990).	  
Material	  transport	  is	  largely	  controlled	  by	  tidal	  and	  subtidal	  characteristics	  that	  vary	  significantly	  
between	  estuaries,	  often	  showing	  significant	  variability	  within	  a	  single	  system.	  Unfortunately,	  
the	  nature	  of	  subtidal	  flow	  and	  material	  transport	  does	  not	  lend	  itself	  to	  extrapolation	  of	  results	  
between	  estuarine	  systems.	  While	  some	  features	  of	  subtidal,	  or	  residual,	  currents	  may	  be	  
predicted	  from	  morphological	  qualities	  (Kjerve,	  1978),	  the	  dynamic	  response	  to	  changing	  
environmental	  conditions	  requires	  an	  in	  depth	  understanding	  of	  the	  current	  hydrodynamic	  
conditions.	  Once	  a	  comprehensive	  record	  of	  hydrodynamic	  conditions	  exists	  for	  the	  
Damariscotta	  River,	  predictions	  can	  be	  made	  for	  future	  scenarios	  that	  will,	  hopefully,	  prove	  to	  
be	  beneficial	  knowledge	  to	  aquaculture	  farmer’s	  as	  they	  prepare	  for	  the	  future.	  
1.2	  Background	  
1.2.1	  Estuarine	  environments	  
Estuaries	  are	  semi-­‐enclosed	  water	  bodies	  with	  free	  exchange	  with	  a	  sea	  and	  measurable	  
fresh	  water	  discharge	  from	  land	  (Cameron	  and	  Pritchard,	  1963).	  These	  areas	  are	  often	  
morphologically	  described	  by	  their	  creation,	  such	  as	  coastal	  plains,	  tectonic,	  fjords,	  and	  bar-­‐
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built.	  Dynamically	  speaking,	  these	  classifications	  are	  usually	  non-­‐discerning,	  so	  estuaries	  are	  also	  
more	  practically	  defined	  by	  their	  underlying	  salinity	  structure	  and	  categorized	  as	  well-­‐mixed,	  
partially	  mixed,	  or	  highly	  stratified	  (salt-­‐wedge).	  These	  structures	  result	  from	  the	  balance	  of	  tidal	  
and	  freshwater	  discharge	  and,	  if	  no	  other	  forces	  act	  on	  the	  estuary,	  would	  result	  in	  prescribed	  
subtidal	  circulation	  patterns.	  However,	  estuaries	  are	  rarely	  that	  simple	  so	  additional	  
mechanisms	  must	  be	  considered	  to	  better	  understand	  the	  underlying	  dynamics	  of	  an	  estuary.	  
1.2.2	  Subtidal	  flow	  
Subtidal	  flow	  describes	  the	  background	  circulation	  occurring	  on	  time-­‐scales	  longer	  than	  
a	  tidal	  cycle.	  If	  a	  slice	  of	  an	  estuarine	  cross-­‐section	  were	  considered,	  one	  would	  find	  that	  a	  basic	  
balance	  in	  subtidal	  flow	  exists	  between	  landward-­‐	  and	  seaward-­‐directed	  currents.	  When	  
considering	  more	  forces,	  these	  flows	  have	  been	  identified	  to	  organize	  in	  different	  patterns	  and	  
can	  be	  quantitatively	  related	  to	  individual,	  or	  sometimes	  multiple,	  forcing	  mechanisms.	  	  
Pritchard	  (1956)	  developed	  one	  of	  the	  first	  models	  of	  subtidal	  flow,	  describing	  a	  balance	  
between	  barotropic	  and	  baroclinic	  pressure	  gradients.	  The	  former	  referring	  to	  a	  surface	  
elevation	  slope	  induced	  by	  river	  discharge	  and	  tidal	  waves	  and	  the	  later	  referring	  to	  longitudinal	  
density	  gradients	  introduced	  by	  the	  fresh-­‐salty	  water	  interface.	  This	  balance	  is	  characterized	  by	  
a	  two	  layer,	  vertically	  sheared	  subtidal	  flow	  with	  outflow	  of	  fresher	  water	  at	  the	  surface	  met	  
with	  a	  return	  flow	  of	  denser	  seawater	  at	  depth.	  Transverse	  variability	  in	  this	  flow	  structure	  is	  
observed	  in	  wind	  driven	  systems	  (Wong,	  1994),	  with	  current	  directions	  over	  the	  shoals	  orienting	  
downwind,	  and	  a	  similarly	  described	  pressure-­‐gradient	  return	  flow	  at	  depth.	  In	  regions	  of	  
significant	  channel	  curvature,	  the	  transverse	  structure	  changes	  further	  still,	  with	  maximum	  
current	  velocities	  tending	  towards	  the	  outside	  edge	  of	  the	  bend	  (Chant,	  2010).	  Li	  and	  O’donnell	  
(2005)	  introduced	  how	  subtidal	  flow	  patterns	  can	  change	  in	  systems	  of	  varying	  lengths,	  showing	  
that	  length	  of	  a	  tidally	  dominated	  estuary	  can	  produce	  longitudinally	  varying	  patterns	  of	  subtidal	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flow.	  Frictional	  effects	  have	  been	  found	  capable	  of	  modulating	  density	  driven	  subtidal	  flow	  
structure	  to	  a	  degree	  that	  a	  purely	  laterally	  sheared	  subtidal	  flow	  can	  exist	  (Arnott	  et	  al.,	  2012).	  
Patterns	  of	  mixing	  have	  been	  found	  to	  produce	  various	  subtidal	  flow	  characteristics,	  ranging	  
from	  the	  classical	  model	  of	  estuarine	  circulation	  described	  by	  Pritchard	  (1956)	  to	  the	  inverse	  of	  
that	  model	  exhibiting	  outflow	  at	  depth	  and	  inflow	  at	  the	  surface	  (Cheng	  et	  al,	  2010)	  to	  purely	  
laterally	  sheared	  subtidal	  currents	  induced	  by	  mixing	  asymmetries	  (Scully	  and	  Friedrichs,	  2007).	  
The	  main	  message	  is	  that	  subtidal	  flow	  can	  vary	  significantly	  based	  on	  physical	  estuarine	  
characteristics,	  properties	  of	  the	  incident	  tide	  and	  its	  interaction	  with	  variable	  river	  discharge,	  
atmospheric	  forces,	  and	  tidally	  varying	  patterns	  of	  mixing	  and	  stratification.	  It	  is	  therefore	  
important	  to	  identify	  the	  dominant	  mechanisms	  affecting	  subtidal	  flow	  in	  the	  estuary	  as	  the	  
changes	  introduced	  by	  climate	  change	  may	  disrupt	  the	  current	  balance	  of	  these	  forces.	  
This	  balance	  is	  described	  by	  the	  Navier	  Stokes	  moment	  equations,	  	  
streamwise:	   !"!" + 𝑢 !"!" + 𝑣 !"!" + 𝑤 !"!" − 𝑓𝑣 =   − !! !"!" + !!" 𝐴! !"!"   	  	   Eq.	  1.1	  
normal:	   !"!" + 𝑢 !"!" + 𝑣 !"!" + 𝑤 !"!" + 𝑓𝑢 =   − !! !"!" + !!" 𝐴! !"!"   ,	   Eq.	  1.2	  
where	  u,	  v,	  and	  w	  are	  velocities	  in	  the	  x	  (along-­‐channel),	  y	  (across-­‐channel),	  and	  z	  (vertical)	  
directions,	  t	  is	  time,	  f	  is	  the	  Coriolis	  parameter,	  𝜌	  is	  density,	  P	  is	  pressure,	  and	  Az	  is	  the	  vertical	  
eddy	  viscosity.	  The	  first	  term	  on	  the	  left-­‐hand	  side	  is	  local	  accelerations,	  the	  second,	  third,	  and	  
fourth	  terms	  are	  advective	  accelerations	  in	  the	  streamwise,	  stream	  normal,	  and	  vertical	  
directions,	  the	  third	  term	  is	  Coriolis	  acceleration,	  and	  the	  first	  term	  on	  the	  right-­‐hand	  side	  
represents	  pressure	  gradients	  and	  the	  second	  term	  is	  frictional	  effects.	  These	  equations	  can	  be	  
solved	  to	  quantify	  the	  temporally	  and	  spatially	  varying	  contributions	  of	  each	  term	  forcing.	  	  
1.2.3	  Turbulence	  
Turbulence	  is	  an	  element	  of	  unsteady	  fluid	  flow	  characterized	  by	  chaotic	  motion,	  which	  
physically	  appears	  as	  eddies	  of	  assorted	  sizes	  that	  continuously	  dissipate	  and	  break	  apart	  into	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finer	  and	  finer	  pieces	  until	  they	  ultimately	  loose	  their	  energy	  to	  heat.	  The	  dissipative	  nature	  of	  
turbulence	  is	  described	  in	  Richardson’s	  energy	  cascade:	  
“Big	  whorls	  have	  little	  whorls	  
Which	  feed	  on	  their	  velocity,	  
And	  little	  whorls	  have	  lesser	  whorls	  
And	  so	  on	  to	  viscosity”	  
-­‐L.F.	  Richardson,	  1922	  
Accurately	  measuring	  and	  describing	  turbulence	  and	  its	  evolution	  is	  an	  important	  part	  of	  
describing	  hydrodynamics	  in	  estuaries,	  which,	  due	  to	  the	  inherent	  intermittency	  of	  turbulent	  
flows,	  must	  be	  done	  carefully	  and	  with	  great	  detail.	  Turbulence	  interacts	  with	  mean	  flow	  
through	  Reynolds	  stresses,	  expressed	  in	  the	  last	  term	  of	  the	  momentum	  equations.	  TKE	  
dissipation	  rates	  are	  used	  to	  quantify	  vertical	  eddy	  viscosity,	  𝐴!,	  as	  
	   𝐴! = 𝑚!" 𝜀𝑆!	   Eq.	  1.3	  
following	  Kay	  and	  Jay	  (2003)	  where	  𝑚!"	  is	  a	  mixing	  efficiency,	  𝜀	  is	  turbulent	  kinetic	  energy	  
dissipation	  rate,	  and	  𝑆	  is	  vertical	  velocity	  shear.	  This	  parameterization	  was	  developed	  for	  a	  
strongly	  stratified	  estuary	  but	  has	  been	  shown	  to	  also	  be	  appropriate	  for	  partially	  mixed	  
estuaries	  (Huguenard	  et	  al.,	  2015).	  	  
Various	  techniques	  have	  been	  developed	  to	  estimate	  TKE	  dissipation	  rates	  (often	  
assumed	  to	  be	  proportional	  to	  turbulence	  production)	  in	  estuaries	  using	  indirect,	  such	  as	  point	  
measurements	  calculated	  by	  ADV’s	  or	  profile	  measurements	  made	  by	  ADCPs,	  and	  direct	  
methods,	  such	  vertically	  profiling	  microstructure	  instruments.	  Vertical	  microstructure	  profilers	  
offer	  perhaps	  the	  most	  applicability	  to	  hydrodynamic	  studies	  in	  estuaries	  principally	  because	  of	  
their	  ability	  to	  effectively	  capture	  multiple	  dimensions	  of	  variability	  and	  do	  not	  fall	  subject	  to	  
biases	  from	  wave	  contamination	  in	  the	  surface	  boundary	  layer.	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Microstructure	  profilers	  such	  as	  those	  used	  in	  this	  investigation	  use	  air-­‐foil	  type	  shear	  
probes	  to	  measure	  high	  frequency	  shear	  in	  the	  water	  column.	  These	  measurements	  make	  up	  a	  
shear	  spectrum	  that	  was	  shown	  to	  be	  proportional	  to	  𝑘!!/!,	  where	  𝑘	  is	  the	  wavenumber,	  by	  
Kolmogrov	  (1941).	  This	  spectrum	  was	  further	  shown	  to	  follow	  an	  empirical	  spectrum	  by	  
Nasmyth	  (1970)	  and	  Oakey	  (1982).	  Assuming	  isotropic	  turbulence,	  the	  rate	  of	  dissipation	  is	  
given	  by	  	  
	   𝜀 = 152 𝜈 Ψ 𝑘 𝑑𝑘!! 	   Eq.	  1.4	  
where	  v	  is	  the	  kinematic	  molecular	  viscosity	  and	  Ψ	  is	  the	  shear	  spectrum.	  An	  example	  spectrum	  
is	  shown	  below.	  Because	  the	  mechanics	  of	  the	  shear	  probe	  only	  allows	  for	  measurements	  in	  one	  
	  
	  
Figure	  1.1.	  Vertical	  microstructure	  profiler	  spectrum.	  Example	  spectrum	  for	  a	  
profile	  taken	  in	  the	  Damariscotta	  River,	  Maine.	  Shear	  probe	  spectra	  shown	  in	  
red	  and	  blue.	  Nasmyth	  spectra	  shown	  in	  black.	  Limits	  of	  integration	  are	  marked	  
by	  triangles.	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direction,	  two	  shear	  probes	  are	  mounted	  orthogonal	  to	  each	  other	  on	  the	  profiler	  to	  capture	  the	  
two	  components	  of	  horizontal	  shear.	  Using	  the	  measured	  shear	  spectrum,	  bound	  by	  upper	  
limits	  chosen	  to	  avoid	  the	  contribution	  of	  noise	  following	  Goodman	  et	  al.,	  (2006),	  and	  the	  
empirical	  Nasmyth	  spectrum,	  two	  estimates	  of	  TKE	  dissipation	  can	  be	  obtained	  (one	  for	  each	  
shear	  probe).	  The	  measurements	  of	  TKE	  dissipation	  capture	  one	  dimension,	  time,	  but	  can	  be	  
converted	  from	  a	  time	  series	  to	  a	  data	  set	  where	  each	  moment	  represents	  a	  certain	  depth	  using	  
Taylor’s	  frozen	  field	  hypothesis,	  which,	  in	  this	  case,	  assumes	  that	  the	  turbulence	  field	  is	  
stationary	  for	  the	  duration	  of	  a	  profile.	  Such	  measurements	  can	  be	  taken	  across	  an	  estuary	  to	  
gain	  additional	  resolution	  in	  the	  lateral	  variability	  of	  TKE	  dissipation	  and	  then	  repeated	  over	  the	  
course	  of	  the	  tide	  cycle	  to	  capture	  temporal	  variability.	  	  	  
Turbulence	  is,	  however,	  intermittent	  in	  nature	  and	  requires	  that	  certain	  sampling	  
thresholds	  be	  met	  to	  precisely	  estimate	  mean	  TKE	  dissipation	  rates.	  The	  current	  literature	  fails	  
to	  define	  acceptable	  thresholds	  addressing	  intermittency	  for	  estuarine	  environments,	  
welcoming	  the	  development	  of	  new	  methods	  to	  analyze	  the	  varying	  degrees	  of	  internal	  
intermittency	  in	  well-­‐mixed	  estuaries.	  A	  method	  has	  been	  proposed	  using	  data	  from	  the	  three	  
separate	  reaches	  of	  the	  Damariscotta	  River.	  Relationships	  of	  intermittent	  events	  and	  forcing	  
mechanisms	  are	  identified	  and	  appropriate	  recommendations	  of	  what	  acceptable	  thresholds	  for	  
estuaries	  should	  be	  are	  made,	  specifically	  addressing	  the	  question:	  how	  many	  casts	  are	  
necessary	  to	  converge	  on	  a	  precise	  value	  of	  TKE	  dissipation?	  
1.2.4	  Research	  goals	  
	   The	  main	  goal	  of	  this	  study	  is	  to	  provide	  an	  in-­‐depth	  analysis	  of	  mixing	  and	  subtidal	  
dynamics	  in	  the	  Damariscotta	  River,	  which	  could	  be	  used	  to	  forecast	  future	  conditions	  of	  flow	  as	  
it	  pertains	  to	  material	  transport.	  The	  goals	  of	  the	  study	  are	  identified	  to	  answer	  the	  questions	  
below.	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In	  understanding	  mixing:	  
	   What	  features	  affect	  intermittency	  in	  turbulence	  in	  well-­‐mixed	  estuaries?	  
How	  many	  profiles	  are	  necessary	  to	  adequately	  address	  issues	  of	  
intermittency	  in	  estuaries?	  
In	  understanding	  subtidal	  dynamics:	  
What	  are	  the	  dynamical	  responses	  to	  complex	  geometries	  such	  as	  those	  in	  the	  
Damariscotta	  River?	  
How	  will	  sea	  level	  rise	  affect	  the	  observed	  dynamics	  in	  the	  Damariscotta	  
River?	  
1.2.5	  Organization	  of	  this	  thesis	  
	   An	  introduction	  to	  the	  problems	  involving	  intermittency	  and	  turbulence	  is	  first	  given	  in	  
sections	  2.1	  and	  2.2,	  followed	  by	  thorough	  summary	  of	  currently	  accepted	  and	  proposed	  
turbulence	  measurement	  methodology	  and	  common	  issues	  that	  arise	  during	  collection	  is	  
sections	  2.2	  and	  2.3.	  The	  proposed	  methods	  are	  then	  tested	  in	  the	  Damariscotta	  River	  and	  
results	  are	  given	  in	  section	  2.4.	  Section	  2.5	  discusses	  the	  validity	  and	  usefulness	  of	  measurement	  
practices	  and	  the	  corresponding	  intermittency	  analyses	  that	  have	  been	  developed	  for	  other	  
environments	  than	  estuaries.	  A	  set	  of	  recommendations	  is	  finally	  made,	  which	  may	  be	  applied	  
to	  similar	  dynamic	  investigations	  of	  other	  estuarine	  systems.	  	  
	   A	  case	  study	  is	  then	  explored	  in	  chapter	  3,	  focusing	  on	  the	  tidal	  and	  subtidal	  dynamics	  
and	  the	  processes	  that	  influence	  observations	  from	  the	  Damariscotta	  River.	  Four	  analysis	  
procedures	  are	  discussed	  in	  section	  3.3,	  all	  of	  which	  contribute	  to	  understanding	  subtidal	  
dynamics	  throughout	  the	  separate	  reaches	  of	  the	  river.	  Results	  of	  the	  analyses	  are	  described	  in	  
section	  3.4	  and	  the	  implications	  of	  the	  identified	  controlling	  mechanisms	  are	  discussed	  in	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section	  3.5.	  Finally,	  possible	  consequences	  of	  a	  changing	  climate,	  particularly	  the	  effects	  of	  sea	  
level	  rise,	  are	  considered	  in	  section	  3.5.3.	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CHAPTER	  2	  
METHODOLOGY	  IN	  MICROSTRUCTURE	  MEASUREMENTS:	  ADDRESSING	  INTERMITTENCY	  IN	  
WELL-­‐MIXED	  ESTUARIES	  
2.1	  Summary	  
	   Intermittency	  has	  a	  number	  of	  implications	  for	  sampling	  turbulence;	  primarily	  that	  
undersampling	  commonly	  leads	  to	  underestimates	  of	  turbulent	  kinetic	  energy	  (TKE)	  dissipation	  
rates.	  Sampling	  thresholds	  and	  common	  distributions	  have	  been	  defined	  for	  ocean	  
environments,	  but	  estuaries	  remain	  relatively	  underrepresented.	  Standard	  sampling	  techniques	  
using	  microstructure	  profilers	  are	  defined	  and	  a	  simple	  method	  of	  assessing	  the	  precession	  of	  
TKE	  dissipation	  measurements	  is	  presented.	  The	  technique	  is	  tested	  on	  a	  data	  set	  from	  the	  
Damariscotta	  River,	  collected	  during	  Fall	  2016	  and	  Spring	  2017	  in	  spring	  and	  neap	  tides.	  The	  
Damariscotta	  River	  is	  shown	  to	  possess	  a	  variety	  of	  bathymetry	  and	  hydrographic	  conditions,	  
which	  provides	  the	  opportunity	  to	  examine	  intermittency	  as	  it	  relates	  to	  differing	  features,	  such	  
as:	  current	  velocities,	  TKE	  dissipation	  magnitude,	  depth,	  eddy	  size,	  buoyancy,	  vertical	  velocity	  
shear,	  and	  age	  of	  turbulence.	  The	  degree	  of	  external	  intermittency	  was	  evaluated	  and	  found	  to	  
be	  moderately	  to	  strongly	  intermittent	  over	  the	  tidal	  cycle.	  Internal	  intermittency	  was	  further	  
assessed	  using	  the	  log-­‐normal	  distribution	  model	  and	  a	  novel	  technique	  that	  evaluates	  the	  
precision	  of	  mean	  dissipation	  estimates.	  Internal	  intermittency	  is	  observed	  to	  increase	  in	  regions	  
of	  low	  current	  velocity,	  specifically	  relating	  to	  turbulence	  uncoupled	  with	  bottom	  generated	  
turbulence.	  The	  recommendation	  is	  made	  that	  profile-­‐averages	  should	  increase	  in	  these	  areas	  
to	  avoid	  over-­‐	  or	  under-­‐estimation	  resulting	  from	  intermittent	  events.	  
2.2	  Introduction	  	  
A	  number	  of	  techniques	  have	  been	  developed	  to	  estimate	  TKE	  (turbulent	  kinetic	  energy)	  
dissipation	  rates	  in	  estuaries	  using	  both	  indirect	  (point	  measurements	  using	  ADVs,	  profile	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measurements	  from	  ADCPs)	  and	  direct	  (repeated	  casts	  from	  vertical	  microstructure	  profilers)	  
methods.	  Vertical	  microstructure	  profilers,	  such	  as	  those	  used	  in	  this	  study,	  capture	  fine-­‐scale	  
turbulence	  measurements	  in	  one	  dimension,	  i.e.	  space,	  by	  employing	  Taylor’s	  frozen	  field	  
hypothesis	  to	  convert	  a	  time	  series	  into	  a	  spatial	  profile	  of	  depth	  (Taylor,	  1938).	  This	  is	  achieved	  
by	  using	  the	  falling	  speed	  of	  the	  profiler,	  calculated	  by	  an	  onboard	  pressure	  sensor	  and	  internal	  
clock,	  to	  interpret	  each	  data	  point	  in	  the	  time	  series	  as	  a	  data	  point	  at	  a	  particular	  depth;	  here,	  
Taylor’s	  hypothesis	  assumes	  that	  the	  vertical	  structure	  is	  constant	  for	  the	  duration	  of	  the	  cast.	  
Successive	  casts	  are	  often	  taken	  at	  multiple	  locations	  to	  get	  a	  sense	  of	  spatial	  variability,	  i.e.	  
across	  a	  plume	  front,	  offshore,	  or	  across	  an	  estuary.	  When	  repeated	  over	  the	  course	  of	  a	  tidal	  
cycle,	  the	  temporal	  variability	  of	  TKE	  dissipation	  can	  also	  be	  captured.	  Regardless	  of	  the	  
sampling	  method,	  measurements	  must	  include	  an	  adequately	  dense	  number	  of	  samples	  in	  order	  
to	  achieve	  a	  statistically	  significant	  distribution	  of	  TKE	  dissipation	  rates	  (Burchard	  et	  al.,	  2008).	  
However,	  as	  Burchard	  et	  al.,	  (2002)	  noted,	  unlike	  velocity,	  temperature,	  and	  salinity	  
measurements,	  observational-­‐setups	  of	  turbulence	  are	  not	  yet	  standardized.	  
Large	  turbulent	  mixing	  generated	  from	  bottom	  friction	  is	  most	  likely	  to	  occur	  during	  
peak	  current	  velocities	  when	  a	  maximum	  in	  vertical	  shear	  occurs;	  𝜀  ~   𝑢! 𝑙,	  where	  𝜀	  is	  TKE	  
dissipation	  rate,	  u	  is	  velocity	  magnitude,	  and	  𝑙	  is	  the	  integral	  length	  scale.	  The	  intensity	  and	  size	  
of	  the	  turbulence	  is	  the	  result	  of	  the	  local	  conditions	  of	  the	  flow	  structure,	  physical	  properties	  of	  
the	  channel	  (i.e.	  bed	  roughness),	  and	  characteristics	  of	  the	  water	  column	  (i.e.	  stratification).	  As	  
the	  relative	  contributions	  of	  these	  factors	  vary,	  turbulence	  will	  grow	  and	  decay,	  generating	  
pulses	  of	  various	  scales,	  becoming	  intermittent	  in	  space	  and	  time.	  Intermittency	  in	  turbulence	  
was	  first	  recognized	  by	  Batchelor	  and	  Townsend	  (1949)	  and	  has	  since	  received	  considerable	  
attention	  in	  oceanic	  and	  atmospheric	  sciences	  because	  of	  its	  significance	  to	  measuring	  and	  
modeling	  turbulent	  flows.	  Intermittency	  is	  described	  as	  either	  internal	  or	  external	  turbulence,	  
	   11	  
the	  former	  relating	  to	  the	  relatively	  small-­‐scale	  fluctuations	  of	  𝜀	  in	  the	  inertial	  subrange	  and	  the	  
later	  referring	  to	  variability	  on	  length	  scales	  ranging	  from	  meters	  vertically	  to	  hundreds	  of	  
meters	  horizontally	  (Jindasa	  et	  al.,	  2013).	  
The	  degree	  of	  intermittency	  in	  turbulence	  can	  be	  expressed	  by	  the	  intermittency	  factor,	  
σ2,	  the	  variance	  of	  the	  logarithm	  of	  TKE	  dissipation	  rate,	  log10(𝜀);	  this	  factor	  has	  been	  previously	  
shown	  to	  range	  from	  3	  to	  7	  in	  the	  ocean	  pycnocline	  (Baker	  and	  Gibson,	  1987),	  with	  a	  larger	  
variance	  representing	  a	  more	  intermittent	  signal.	  Stronger	  turbulent	  bursts	  are	  expected	  to	  
occur	  in	  highly	  intermittent	  schemes	  (than	  in	  non-­‐intermittent	  schemes)	  and	  result	  in	  the	  
underestimation	  of	  mean	  dissipation	  rates	  (Seuront	  et	  al.,	  2001).	  Collecting	  sufficiently	  long,	  
dense	  datasets	  and	  averaging	  profiles	  will	  minimize	  statistical	  uncertainty	  of	  dissipation	  
measurements	  (Etemad-­‐Shahidi	  and	  Imberger,	  2002).	  Baker	  and	  Gibson	  (1987)	  suggested	  that	  
2,600	  to	  10,000	  independent	  data	  samples	  are	  necessary	  to	  calculate	  mean	  dissipation	  in	  the	  
rates	  at	  the	  95%	  confidence	  level	  in	  stratified	  ocean	  layers.	  	  
Sampling	  𝜀	  in	  estuaries	  using	  vertical	  microstructure	  profilers	  can	  be	  performed	  in	  two	  
ways:	  a	  boat	  can	  be	  moored	  in	  a	  single	  location	  and	  profiles	  can	  be	  continuously	  performed	  over	  
any	  period	  of	  time,	  or	  the	  boat	  can	  make	  passes	  across	  the	  estuary,	  called	  transects,	  and	  profile	  
at	  stations	  marked	  by	  GPS	  location.	  While	  both	  methods	  are	  acceptable,	  they	  offer	  very	  
different	  resulting	  datasets.	  Profiling	  at	  a	  single	  location	  captures	  𝜀	  with	  a	  robust	  temporal	  
resolution	  but	  limits	  measurements	  to	  a	  single	  location,	  lacking	  spatially	  resolution.	  Profiling	  at	  
stations	  across	  estuary	  captures	  a	  more	  indicative	  spatial	  distribution	  of	  𝜀	  but	  lacks	  the	  
previously	  mentioned	  temporal	  resolution.	  Typically,	  because	  of	  the	  sometimes-­‐great	  spatial	  
variability	  in	  estuarine	  dynamics,	  performing	  transects	  is	  preferable.	  Assuming	  standard	  
microstructure	  profiler	  technique	  where	  the	  travel	  speed	  of	  the	  profiler	  and	  time	  required	  to	  
retrieve	  the	  instrument	  generally	  dictates	  a	  rate	  of	  1	  profile	  per	  2	  min,	  where	  2	  estimates	  of	  𝜀	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can	  be	  made	  per	  1	  m	  bin,	  gathering	  2,600	  individual	  samples	  of	  𝜀	  would	  require	  ~2.8	  hrs	  in	  15	  m	  
depth.	  However,	  in	  order	  to	  estimate	  subtidal	  patterns	  in	  estuaries,	  profiles	  need	  to	  be	  
averaged	  at	  minimum	  every	  hour	  for	  13	  hrs	  to	  sample	  a	  well-­‐resolved	  semidiurnal	  tidal	  cycle.	  
The	  minimum	  threshold	  set	  by	  Baker	  and	  Gibson	  (1987)	  is	  therefore	  unachievable	  for	  truly	  
robust	  hydrodynamic	  studies	  in	  estuaries.	  Furthermore,	  if	  only	  a	  single	  estimate	  of	  𝜀	  is	  possible	  
per	  2.8	  hrs,	  then	  the	  degree	  of	  internal	  intermittency,	  described	  as	  the	  patchiness	  of	  a	  turbulent	  
blob	  as	  vortex	  filaments	  stretch	  and	  dissipate	  (Davidson,	  2015)	  whose	  lifetime	  would	  likely	  be	  
on	  an	  order	  <	  1	  hr,	  is	  not	  appropriately	  characterized.	  This	  leads	  to	  the	  other	  important	  
distinction	  that	  the	  intermittency	  factor	  and	  the	  sampling	  threshold	  set	  by	  Baker	  and	  Gibson	  
(1987)	  may	  adequately	  describe	  external	  intermittency	  in	  estuaries,	  but	  cannot	  further	  identify	  
the	  degree	  of	  internal	  intermittency	  that	  is	  often	  of	  interest.	  
Gurvich	  and	  Yaglom	  (1967)	  devised	  one	  of	  the	  first	  models	  of	  turbulence	  by	  considering	  
the	  energy	  cascade	  from	  larger	  scales	  toward	  the	  smaller	  scales	  of	  dissipation;	  this	  led	  to	  the	  
approximation	  of	  a	  log-­‐normal	  distribution.	  Despite	  the	  development	  of	  many	  other	  
quantitative	  descriptions	  of	  the	  energy	  cascade	  (see	  review	  by	  Seuront	  (2005)),	  the	  log-­‐normal	  
approximation	  has	  since	  been	  widely	  used	  and	  remains	  a	  notable	  description	  of	  ocean	  
turbulence	  distributions	  (Baker	  and	  Gibson,	  1987;	  Gibson,	  1991;	  Lazovatsky	  et	  al.,	  2006;	  
Yamakazi	  and	  Lueck,	  1990),	  and	  is	  said	  to	  account	  for	  presence	  internal	  intermittency.	  The	  
kurtosis,	  or	  flatness	  factor,	  of	  a	  distribution	  has	  been	  suggested	  as	  a	  measure	  of	  the	  degree	  of	  
internal	  intermittency	  of	  turbulence	  (Davidson,	  2015),	  but	  only	  some	  studies	  publish	  these	  
values	  as	  internal	  intermittency	  in	  estuarine	  turbulence	  is	  rarely	  addressed	  in	  the	  current	  
literature.	  	  
To	  date,	  no	  guidelines	  have	  been	  published,	  outlining	  intermittency	  in	  estuaries	  as	  most	  
previous	  work	  is	  based	  on	  oceanic	  and	  atmospheric	  environments.	  Furthermore,	  an	  acceptable	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measure	  of	  internal	  intermittency	  is	  not	  found	  in	  the	  current	  literature,	  nor	  has	  this	  scale	  of	  
intermittency	  been	  found	  to	  correlate	  with	  identifiable	  forces	  that	  otherwise	  contribute	  to	  the	  
production	  or	  distribution	  of	  turbulence.	  This	  paper	  proposes	  a	  new	  method	  to	  assess	  internal	  
intermittency	  and	  recommends	  a	  standard	  procedure	  that	  can	  be	  applied	  to	  other	  estuaries.	  
	   First,	  we	  introduce	  the	  framework	  we’ve	  developed	  to	  measure	  intermittency	  in	  
estuaries.	  Then,	  we	  present	  a	  background	  on	  the	  study	  site,	  sampling	  regime,	  and	  data	  
processing	  techniques.	  The	  spatial	  and	  temporal	  distributions	  of	  turbulence	  are	  then	  discussed	  
in	  terms	  of	  the	  tidal	  cycle	  and	  by	  longitudinal	  location	  between	  the	  head	  and	  the	  mouth	  of	  the	  
estuary.	  External	  intermittency	  is	  addressed	  through	  an	  examination	  of	  the	  intermittency	  
factors	  associated	  with	  varying	  flows	  and	  physical	  estuarine	  conditions.	  Internal	  intermittency	  is	  
first	  addressed	  with	  an	  assessment	  of	  the	  distribution	  of	  turbulence	  throughout	  the	  estuary	  and	  
then	  with	  a	  novel	  statistical	  analysis	  that	  compares	  different	  estimates	  of	  mean	  TKE	  dissipation	  
rates	  using	  subsets	  of	  the	  complete	  data	  record.	  Additional	  comparisons	  and	  relationships	  with	  
other	  tidal	  and	  hydrographic	  features	  are	  made.	  Finally,	  suggestions	  for	  appropriate	  sampling	  
techniques	  are	  proposed,	  addressing	  the	  question	  of	  how	  many	  profiles	  are	  necessary	  to	  
precisely	  represent	  estuarine	  turbulence.	  
2.3	  Methods	  
2.3.1	  Internal	  intermittency	  analysis	  
A	  sensitivity	  analysis	  was	  implemented	  to	  address	  internal	  intermittency;	  the	  process	  is	  
designed	  for	  evaluation	  of	  datasets	  gathered	  using	  transect/station	  sampling	  regime	  discussed	  
in	  section	  1.	  Such	  datasets	  calculate	  averages	  of	  𝜀	  over	  a	  sampling	  window	  that	  is	  chosen	  to	  
reflect	  the	  important	  outcomes	  of	  the	  study	  (e.g.	  executing	  sufficient	  transects	  to	  resolve	  
subtidal	  patterns)	  and	  comply	  with	  physical	  limitations	  of	  the	  instruments	  (e.g.	  profiling	  rate	  of	  
microstructure	  instrument,	  allowable	  boat	  speed	  to	  measure	  current	  velocity,	  etc.).	  An	  example	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experimental	  setup	  is	  discussed	  in	  sections	  2.3-­‐2.4.	  The	  degree	  of	  internal	  intermittency	  is	  
explained	  using	  the	  variability	  of	  mean	  dissipation	  values	  calculated	  with	  subsets	  of	  the	  𝜀	  data.	  	  
First,	  mean	  𝜀	  were	  calculated	  using	  the	  complete	  dataset	  (5	  casts,	  ~10	  min).	  
Subsequently,	  smaller	  datasets	  were	  used	  to	  calculate	  mean  𝜀,	  using	  four	  casts,	  three	  casts,	  and	  
finally	  two	  casts.	  Five	  casts	  (~	  10	  min	  window)	  represents	  a	  most	  precise	  value	  of	  𝜀	  as	  it	  utilizes	  
the	  maximum	  number	  of	  individual	  samples	  allowed	  by	  the	  experimental	  setup	  (see	  section	  
2.3).	  Two	  casts	  (~	  4	  min	  window)	  represents	  the	  least	  precise	  value	  of	  𝜀	  as	  it	  utilizes	  the	  
expected	  minimum	  number	  of	  casts,	  while	  still	  accounting	  for	  the	  possibility	  of	  data	  loss	  due	  to	  
shear	  probe	  contact	  with	  particulates	  in	  the	  water	  column.	  Additional	  combinations	  of	  two-­‐cast	  
subsets	  were	  made	  (i.e.	  casts	  1-­‐2,	  casts	  2-­‐3,	  etc.)	  to	  mimic	  sample	  sets	  conducted	  at	  different	  
moments,	  highlighting	  any	  internal	  intermittency	  that	  occurs	  in	  the	  water	  column	  during	  the	  10	  
min	  sampling	  window.	  
The	  degree	  of	  internal	  intermittency	  was	  evaluated	  using	  the	  relative	  difference	  
between	  mean	  dissipation	  from	  5	  casts,	  𝜀!,	  and	  mean	  dissipation	  from	  j	  casts,	  𝜀!.	  First,	  the	  ratio	  
of	  
𝜀! 𝜀!	  was	  evaluated	  to	  address	  the	  question	  of	  how	  many	  casts	  are	  required	  to	  converge	  on	  
the	  precise	  value	  of	  dissipation	  given	  by	  𝜀!.	  A	  ratio	  of	  𝜀! 𝜀!	  >	  1	  indicates	  overestimation	  by	  𝜀!,	  	  
while	  
𝜀! 𝜀!	  	  <	  1	  indicates	  underestimation.	  These	  ratios	  are	  calculated	  using	  log10	  (𝜀);	  while	  most	  
are	  overestimations,	  approximately	  98%	  are	  within	  the	  same	  order	  of	  magnitude	  of	  𝜀!.	  
Following	  an	  observation	  from	  Baumert	  et	  al.,	  (2010),	  an	  uncertainty	  threshold	  was	  set	  at	  a	  
factor	  of	  two,	  larger	  or	  smaller	  than	  𝜀,	  to	  identify	  what	  number	  of	  casts	  were	  necessary	  to	  
converge	  on	  the	  precise	  value,	  𝜀!.	  	  
Internal	  intermittency	  is	  further	  assessed	  with	  the	  relative	  error	  of	  mean	  dissipation,	  
calculated	  as	  
!!  !  !!!! .	  These	  results	  only	  show	  relative	  error	  between	  and	  𝜀!	  and	  𝜀!,	  but	  include	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all	  subsets	  of	  𝜀!.	  The	  comparison	  of	  𝜀!	  and	  𝜀!	  highlights	  the	  degree	  of	  internal	  intermittency	  and	  
will	  later	  be	  related	  to	  tidal	  and	  hydrographic	  characteristics.	  It	  is	  important	  to	  distinguish	  here	  
that	  this	  method	  allows	  a	  level	  of	  spatial	  and	  temporal	  clarity	  that	  is	  unachievable	  by	  either	  the	  
intermittency	  factor	  or	  the	  log-­‐normal	  distribution	  model	  and	  its	  corresponding	  parameter	  
values.	  Each	  individual	  data	  point,	  at	  a	  single	  depth	  during	  a	  single	  transect,	  can	  be	  assessed	  for	  
intermittency	  over	  the	  period	  of	  the	  sampling	  window.	  
2.3.2.	  Study	  site:	  Damariscotta	  River	  estuary	  
	   The	  Damariscotta	  River	  is	  a	  mesotidal,	  well-­‐mixed	  estuary	  located	  in	  Mid-­‐coast	  Maine.	  
The	  river	  is	  26	  km	  long	  and	  converges	  from	  approximately	  1	  km	  at	  the	  estuary	  mouth	  to	  550	  m	  
at	  the	  head.	  The	  geography	  of	  the	  estuary	  is	  complicated	  by	  multiple	  constrictions,	  bends,	  and	  a	  
varying	  bathymetry.	  The	  main	  channel	  depth	  in	  the	  lower	  estuary	  reaches	  a	  maximum	  of	  ~38	  m	  
and	  shallows	  to	  less	  than	  3	  m	  in	  the	  upper	  reach.	  Three	  separate	  reaches	  of	  the	  Damariscotta	  
were	  identified	  based	  on	  bathymetric	  changes	  throughout	  the	  river	  (Figure	  2.1).	  The	  river	  
bathymetry	  is	  semi-­‐rectangular	  in	  shape	  near	  the	  mouth	  and	  transitions	  to	  a	  channel-­‐shoal	  
morphology	  in	  the	  mid-­‐	  and	  upper	  reaches.	  While	  the	  mid-­‐reach	  maintains	  a	  depth	  of	  ~26	  m	  in	  
the	  main	  channel,	  the	  upper	  reach	  shallows	  significantly	  with	  a	  maximum	  channel	  depth	  of	  ~7	  
m.	  In	  addition	  to	  the	  longitudinally	  varying	  morphology,	  the	  orientation	  of	  the	  main	  channel	  also	  
changes	  throughout,	  producing	  a	  number	  of	  unique	  bends	  that	  fluctuate	  in	  shape	  and	  size.	  The	  
three	  reaches,	  while	  complicated,	  offer	  an	  ideal	  set	  of	  situations	  to	  compare	  mixing	  dynamics	  in	  
flows	  through	  various	  bathymetries.	  
	   The	  Damariscotta	  River	  is	  forced	  by	  a	  semi-­‐diurnal	  tide	  with	  mean	  tidal	  amplitude	  of	  2.9	  
m.	  Freshwater	  discharge	  into	  the	  estuary	  varies	  from	  0.28	  m3/s	  in	  the	  dry	  season	  to	  14.1	  m3/s	  in	  
the	  wet	  season	  of	  2016.	  Observed	  along-­‐channel	  velocities	  were	  ≤	  0.6	  m/s	  in	  all	  reaches	  and	  
harmonic	  analysis	  of	  the	  M2	  constituent	  revealed	  a	  maximum	  tidal	  current	  amplitude	  of	  ~0.55	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m/s	  at	  the	  surface	  over	  the	  main	  channel.	  The	  water	  column	  does	  exhibit	  some	  periodic	  
stratification	  with	  top-­‐bottom	  density	  differences	  as	  large	  as	  3	  kg/m3	  and	  streamwise	  density	  
differences	  are	  observed	  to	  be	  approximately	  2	  kg/m3	  in	  the	  wet	  season	  (Table	  2.1).	  
2.3.3	  Data	  collection	  
	   A	  total	  of	  eight	  ~13	  h	  field	  campaigns	  were	  conducted	  during	  neap	  and	  spring	  tides	  in	  
the	  dry	  season	  during	  September	  2016	  and	  in	  the	  wet	  season	  during	  April,	  May,	  and	  June	  2017.	  	  
	   	  
Figure	  2.1.	  Study	  area,	  1.	  Map	  and	  satellite	  images	  for	  
Damariscotta	  River,	  showing	  extent	  of	  (A)	  lower,	  (B)	  mid-­‐,	  and	  (C)	  
upper	  reaches.	  Transect	  locations	  within	  each	  reach	  marked	  by	  red	  
circles.	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A	  vessel	  towed	  1200	  kHz	  RDI	  Acoustic	  Doppler	  Current	  Profiler	  (ADCP)	  was	  used	  to	  collect	  
horizontal	  current	  velocity	  measurements	  in	  50	  cm	  vertical	  bins.	  Profiles	  of	  temperature,	  
conductivity,	  turbidity,	  chlorophyll,	  and	  velocity	  shear	  were	  collected	  with	  a	  vertically	  profiling	  
Rockland	  Scientific	  MicroCTD	  microstructure	  profiler.	  The	  MicroCTD	  was	  deployed	  at	  four	  
stations	  across	  estuary	  (Figure	  2.2),	  profiling	  above	  the	  main	  channel,	  both	  shoals,	  and	  the	  
channel	  shoal	  interface	  (depth	  permitted).	  Each	  station-­‐deployment	  lasted	  approximately	  10	  
minutes	  to	  allow	  for	  hourly	  transects	  (~10	  minutes	  sampling	  across-­‐estuary	  with	  the	  ADCP,	  10	  
minutes	  per	  station	  with	  the	  MicroCTD,	  and	  2.5	  minutes	  to	  travel	  between	  stations).	  This	  
sampling	  window	  for	  microstructure	  sampling	  is	  in	  line	  with	  previous	  studies	  (e.g.	  Stacey	  et	  al.,	  
1999).	  	  
Deployments	  consisted	  of	  3-­‐7	  individual	  casts	  with	  each	  cast	  consistently	  taking	  2	  minutes	  to	  
perform	  including	  setup,	  deployment,	  and	  recovery	  of	  the	  profiler.	  All	  data	  discussed	  here	  
comes	  from	  sensors	  sampling	  at	  512	  Hz;	  the	  profiler	  was	  used	  in	  ascending	  mode	  in	  the	  upper	  
Table	  2.1.	  Distribution	  summary.	  Summary	  of	  statistical	  values	  for	  the	  10	  individual	  experiments.	  
All	  values	  reported	  are	  for	  daily-­‐𝜀-­‐distributions.	  
	  
Season	   Reach	   Tide	   N	  (#	  samples)	   Mean	   Skewness	   Kurtosis	  
log-­‐
likelihood	  
Dry	   Mid	   Neap	   3498	   3.2e-­‐7	   3.4	   17.3	   8989	  
Dry	   Mid	   Spring	   4056	   1.9e-­‐6	   18.1	   404.3	   9285	  
Wet	   Mid	   Spring	   7128	   1.9e-­‐6	   3.4	   16.0	   6294	  
Wet	   Low	   Spring	   6718	   7.1e-­‐7	   3.9	   19.9	   9161	  
Wet	   Low	   Neap	   7434	   4.3e-­‐7	   5.4	   41.9	   1038	  
Wet	   Mid	   Neap	   7088	   7.5e-­‐7	   4.1	   28.1	   9485	  
Wet	   Upper	   Neap	   3894	   2.0e-­‐5	   6.1	   43.9	   4249	  
Wet	   Upper	   Neap	   3168	   1.1e-­‐5	   4.6	   25.3	   3372	  
Wet	   Upper	   Spring	   4020	   9.8e-­‐6	   4.8	   27.3	   4295	  
Wet	   Upper	   Spring	   3564	   9.9e-­‐6	   6.8	   60.3	   3829	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reach	  and	  descending	  mode	  in	  the	  mid-­‐	  and	  lower	  reaches.	  Simultaneous	  sampling	  was	  
performed	  on	  two	  ends	  of	  an	  oyster	  farm	  in	  the	  upper-­‐reach	  during	  the	  wet	  season,	  resulting	  in	  
ten	  effective	  data	  sets	  for	  the	  eight	  field	  campaigns.	  
2.3.4	  Data	  processing	  
	   ADCP	  measurements	  originally	  recorded	  in	  N-­‐S	  and	  E-­‐W	  directions	  were	  first	  rotated	  to	  
align	  with	  the	  along-­‐	  and	  across-­‐channel	  directions	  and	  then	  interpolated	  onto	  a	  regular	  grid	  
with	  representative	  cross	  section	  bathymetry	  following	  a	  similar	  process	  outlined	  by	  Arnott	  et	  
al.,	  2012.	  The	  resulting	  datasets	  included	  11-­‐20	  repetitions	  of	  along-­‐	  and	  across-­‐channel	  
velocities	  in	  0.25	  or	  0.5	  m	  bins.	  	  
	   The	  MicroCTD	  was	  equipped	  with	  2	  shear	  probes,	  1	  thermistor,	  1	  conductivity	  probe,	  
JAC	  Fluorometer	  and	  JAC	  Turbidity	  sensors,	  and	  a	  high-­‐resolution	  pressure	  sensor	  all	  sampling	  at	  
	   	   	  
	  
	  
Figure	  2.2.	  Three	  survey	  areas	  in	  the	  Damariscotta	  River,	  1.	  Survey	  sites	  (top)	  and	  
bathymetric	  cross	  sections	  (bottom)	  for	  the	  lower	  (left),	  mid-­‐	  (middle),	  and	  upper	  (right)	  
reaches.	  Approximate	  distance	  across	  estuary	  in	  m.	  Deployment	  stations	  across	  estuary	  
numbered	  1-­‐4;	  marked	  by	  red	  circles	  in	  bathymetric	  cross	  sections.	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512	  Hz,	  as	  well	  as	  a	  JAC	  CT	  (conductivity	  and	  temperature)	  sensor	  sampling	  at	  64Hz.	  The	  512	  Hz	  
temperature-­‐	  and	  conductivity-­‐probe	  measurements	  were	  dynamically	  calibrated	  using	  the	  
accurate,	  64	  Hz	  JAC	  sensor	  measurements.	  Hydrographic	  data	  was	  then	  interpolated	  onto	  a	  
uniform	  grid	  and	  individual	  casts	  were	  averaged	  at	  each	  station	  over	  the	  ~10-­‐minute	  sampling	  
window.	  
	   TKE	  dissipation	  rates,	  𝜀,	  were	  obtained	  directly	  by	  integrating	  the	  velocity	  shear	  
spectrum	  collected	  by	  the	  two	  512	  Hz	  shear	  probes.	  The	  process	  was	  performed	  by	  Rockland	  
Scientific’s	  processing	  software,	  ODAS,	  which	  uses	  the	  Nasmyth	  spectrum	  to	  integrate	  beyond	  
the	  resolvable	  limits	  of	  the	  spectra,	  following	  Lueck	  et	  al.,	  (2002).	  An	  example	  spectrum	  and	  the	  
corresponding	  limits	  used	  in	  the	  integration	  are	  shown	  in	  Figure	  2.3.	  The	  limits	  used	  in	  the	  
integration	  were	  individually	  checked	  for	  validity	  by	  comparing	  the	  two	  estimates	  of	  𝜀	  from	  each	  
	  
	  
Figure	  2.3.	  Example	  spectrum.	  Example	  spectrum	  for	  a	  profile	  taken	  in	  
the	  mid-­‐reach,	  during	  the	  wet	  season,	  spring	  tide.	  Shear	  probe	  
spectra	  shown	  in	  red	  and	  blue.	  Nasmyth	  spectra	  shown	  in	  black.	  
Limits	  of	  integration	  are	  marked	  by	  triangles.	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shear	  probe	  and	  if	  one	  estimate	  was	  found	  to	  be	  a	  factor	  of	  two	  larger	  than	  the	  other	  it	  was	  
assumed	  the	  spike	  resulted	  from	  contact	  with	  particulate	  matter	  in	  the	  water	  column	  (e.g.	  kelp,	  
plankton,	  etc.)	  and	  removed	  (Baumert	  et	  al.,	  2010).	  Profiles	  of	  𝜀	  were	  then	  interpolated	  onto	  a	  
uniform	  grid	  in	  1m	  bins	  and	  averaged	  together	  over	  the	  10-­‐minute	  sampling	  window	  at	  each	  
station	  and	  confidence	  intervals	  were	  obtained	  using	  bootstrap	  resampling	  (Efron	  and	  Gong,	  
1983).	  The	  process	  of	  bootstrap	  resampling	  utilizes	  measurements	  from	  both	  shear	  probes	  and	  
casts	  within	  the	  10-­‐minute	  sampling	  window	  to	  resample	  the	  population	  6000	  times,	  improving	  
the	  confidence	  intervals	  corresponding	  to	  the	  dataset	  at	  the	  95%	  confidence	  bounds.	  
Other	  tidal	  and	  hydrographic	  characteristics	  were	  calculated	  to	  identify	  any	  mechanisms	  
that	  affect	  internal	  intermittency,	  specifically	  local	  along-­‐	  and	  across-­‐	  channel	  current	  velocities,	  
depth,	  buoyancy,	  vertical	  shear	  in	  horizontal	  velocities,	  dissipative	  length	  scales,	  and	  the	  age	  of	  
turbulence.	  Depths	  were	  nondimensionalized	  to	  account	  for	  the	  large	  tidal	  ranges	  in	  this	  system	  
and	  variability	  across	  estuary	  in	  the	  presence	  of	  a	  channel-­‐shoal	  bathymetry.	  Stratification	  in	  the	  
estuary	  is	  represented	  by	  the	  buoyancy	  frequency,	  or	  Brunt	  Väsälä	  frequency.	  This	  number,	  
which	  describes	  the	  frequency	  that	  a	  particle	  oscillates	  in	  a	  stratified	  fluid,	  is	  expressed	  as	  𝑁! = − !! !"!",	  where	  g	  is	  gravitational	  acceleration,	  ρ	  is	  density,	  and	  z	  is	  height	  in	  the	  water	  
column.	  All	  three	  reaches	  are	  shown	  to	  exhibit	  periodic	  signs	  of	  stratification	  corresponding	  to	  
early	  ebb	  and	  early	  flood	  in	  the	  lower	  reach,	  and	  early	  ebb	  in	  the	  mid-­‐	  and	  upper-­‐reaches.	  
Vertical	  shears	  in	  horizontal	  velocities	  were	  calculated	  as	  the	  summation	  of	  the	  squares	  of	  
vertical	  shear,	  𝑆! = !"!" ! +    !"!" !,	  where	  u	  is	  along-­‐channel	  velocity	  and	  v	  is	  the	  across-­‐
channel	  velocity.	  The	  Osmidov	  length	  scale,	  representing	  the	  maximum	  eddy	  size	  allowable	  by	  
buoyancy,	  is	  calculated	  as	  𝐿𝑜 = 𝜀!.!𝑁!!.!.	  The	  Thorpe	  length	  scale,	  representing	  the	  size	  of	  
local	  density	  instabilities,	  is	  calculated	  as	  𝐿! = 𝑟𝑚𝑠(𝛿),	  where	  𝛿	  is	  the	  displacement	  of	  an	  
instable	  water	  parcel.	  Lastly,	  the	  age	  of	  turbulence	  is	  calculated	  as	  the	  ratio	  of	  Osmidov	  and	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Thorpe	  length	  scales,	  𝑅!" =    !"!!.	  𝑅!" 	  distinguishes	  between	  active	  (𝑅!" > 1)	  and	  fossil	  
(𝑅!" < 1)	  turbulence,	  indicating	  if	  turbulence	  is	  recently	  formed,	  growing,	  and	  entraining	  
instabilities	  or	  if	  it	  is	  a	  remnant	  of	  an	  older	  event	  (Wijesekera	  and	  Dillon,	  1997).	  
2.3.5	  Fitting	  parameters	  
Empirical	  cumulative	  distribution	  functions	  (CDFs)	  were	  calculated	  for	  sets	  of	  𝜀	  
measurements	  from	  each	  station’s	  10-­‐minute	  sampling	  window	  as	  well	  as	  the	  aggregation	  of	  all	  
post-­‐processed	  turbulence	  measurements	  for	  each	  tidal	  cycle.	  Each	  “daily-­‐𝜀-­‐distribution”	  
models	  the	  structure	  and	  range	  of	  𝜀	  throughout	  an	  entire	  semi-­‐diurnal	  tidal	  cycle	  and	  each	  
“station-­‐𝜀-­‐distribution”	  models	  the	  structure	  of	  𝜀	  over	  the	  10-­‐minute	  sampling	  window.	  The	  
mean,	  µ,	  and	  variance,	  σ	  2,	  of	  each	  data	  set	  are	  theoretically	  given	  as	  
	   𝜇 = 𝑥𝑓 𝑥   𝑑𝑥∞!∞ 	   Eq.	  2.1	  
and	  
	   𝜎! = 𝑥!𝑓 𝑥   𝑑𝑥∞!∞ 	  
	  
Eq.	  2.2	  
in	  the	  case	  that	  the	  distribution	  is	  zero	  mean.	  Skewness	  and	  kurtosis	  factors,	  the	  third	  and	  
fourth	  moments	  of	  the	  distribution	  about	  the	  mean,	  are	  then	  calculated	  as	  




	   𝛿 = 𝑥!𝑓 𝑥   𝑑𝑥  /  𝜎!∞!∞ .	  
	  
Eq.	  2.4	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Skewness	  and	  kurtosis	  physically	  describe	  characteristics	  of	  the	  distribution;	  skewness	  
representing	  to	  what	  extent	  the	  distribution	  is	  skewed	  either	  to	  the	  left	  (-­‐)	  or	  right	  (+),	  and	  
kurtosis	  representing	  the	  flatness	  of	  the	  curve,	  which	  will	  be	  larger	  for	  increasingly	  non-­‐Gaussian	  
distributions.	  	  
2.4	  Results	  
	   The	  following	  results	  and	  discussion	  use	  data	  gathered	  from	  the	  Damariscotta	  River	  to	  
examine	  external	  and	  internal	  scales	  of	  intermittency	  in	  turbulence	  and	  identify	  what	  
mechanisms	  are	  found	  to	  associate	  to	  intermittent	  events.	  First,	  seasonal	  and	  spatial	  patterns	  of	  𝜀	  are	  described	  to	  gain	  a	  general	  understanding	  of	  mixing	  dynamics	  as	  it	  varies	  under	  different	  
tidal,	  hydrographic,	  and	  bathymetric	  conditions.	  Next,	  the	  distribution	  of	  turbulence	  is	  described	  
on	  two	  temporal	  and	  spatial	  scales,	  confirming	  that	  𝜀	  does	  follow	  a	  log-­‐normal	  distribution	  in	  
turbulent	  flows	  with	  varying	  levels	  of	  intermittency.	  A	  brief	  exploration	  of	  external	  intermittency	  
addresses	  the	  applicability	  of	  the	  sampling	  thresholds	  implied	  by	  Baker	  and	  Gibson	  (1987).	  
Finally,	  a	  sensitivity	  analysis	  is	  performed	  to	  evaluate	  how	  many	  profiles	  of	  turbulence	  are	  
needed	  to	  precisely	  describe	  intratidal	  variability	  without	  compromising	  the	  dataset	  with	  issues	  
of	  internal	  intermittency.	  Additional	  relationships	  with	  tidal,	  hydrographic,	  and	  bathymetric	  
characteristics	  are	  made	  to	  describe	  what	  physical	  properties	  and	  processes	  in	  estuaries	  may	  be	  
indicative	  of	  the	  degree	  of	  internal	  intermittency.	  
2.4.1	  TKE	  dissipation	  variability	  
	   Turbulent	  kinetic	  energy	  dissipation	  rates,	  𝜀,	  have	  been	  observed	  to	  be	  intermittent	  in	  
both	  time	  and	  space	  throughout	  all	  reaches	  of	  the	  Damariscotta	  River.	  𝜀	  magnitudes	  range	  from	  
~10-­‐9	  to	  10-­‐4	  with	  significant	  tidal	  asymmetry.	  In	  the	  lower	  reach,	  where	  the	  cross-­‐section	  is	  
semi-­‐rectangular	  and	  relatively	  deep	  (~20	  m),	  𝜀	  exhibits	  full-­‐column	  maximums	  corresponding	  
to	  along-­‐channel	  velocity	  maximums	  during	  peak	  flood	  and	  peak	  ebb	  (Figure	  2.4a).	  Maximum	  𝜀	  	  







Figure	  2.4.	  Tidal	  flow	  and	  TKE	  dissipation.	  Tidal	  flow	  (left)	  and	  turbulent	  kinetic	  energy	  
dissipation	  (right)	  time	  series	  at	  stations	  1-­‐4	  for	  the	  a)	  lower-­‐,	  b)	  mid-­‐,	  and	  c)	  upper-­‐reach,	  during	  
wet	  season	  spring	  tides.	  Landward	  velocities	  are	  shown	  in	  red	  (+)	  and	  seaward	  velocities	  in	  blue	  
(-­‐).	  TKE	  contour	  is	  of	  a	  log10	  scale;	  hot	  colors	  indicate	  more	  energetic	  dissipation	  rates.	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in	  this	  reach	  is	  observed	  to	  be,	  at	  times,	  uncoupled	  from	  the	  bottom,	  particularly	  corresponding	  
to	  peak	  ebb	  velocities.	  In	  the	  mid-­‐reach,	  a	  channel-­‐shoal	  bathymetry	  emerges	  increasing	  the	  
role	  of	  friction	  on	  tidal	  flow.	  It	  should	  be	  noted	  that	  the	  location	  of	  this	  cross-­‐section	  is	  
approximately	  1	  km	  up	  estuary	  of	  a	  significant	  constriction	  that	  produces	  strong	  flood	  
dominance,	  where	  the	  rest	  of	  the	  estuary	  is	  observed	  to	  show	  ebb	  dominance.	  The	  effect	  on	  
turbulence	  is	  apparent	  with	  strongest	  𝜀	  during	  the	  flood	  phase	  in	  the	  mid-­‐reach.	  Tidal	  
asymmetries	  in	  𝜀	  also	  appear	  with	  full-­‐column	  maximums	  during	  peak	  flood	  and	  minimums	  
during	  early	  ebb	  (Figure	  2.4b).	  	  In	  the	  upper	  reach,	  the	  channel-­‐shoal	  bathymetry	  persists	  but	  
the	  channel	  becomes	  significantly	  shallower	  than	  the	  rest	  of	  the	  system.	  Asymmetries	  in	  𝜀	  
increase	  in	  this	  reach,	  with	  additional	  cross-­‐estuary	  asymmetry	  between	  the	  channel	  and	  the	  
shoals.	  Maximum	  and	  minimum	  𝜀	  values	  in	  the	  upper-­‐reach	  channel	  occur	  simultaneously	  
during	  flood,	  with	  maxima	  restricted	  to	  the	  bottom	  boundary	  and	  minima	  in	  the	  upper	  water	  
column.	  The	  shoals	  experience	  full	  column	  maxima	  during	  late	  ebb	  and	  full	  column	  minimum	  
during	  flood	  (Figure	  2.4c).	  As	  indicated	  by	  Table	  2.1,	  it	  is	  also	  apparent	  that	  the	  mean	  𝜀	  increases	  
up	  estuary	  as	  water	  depth	  decreases,	  approaching	  tidal	  wave	  height.	  
2.4.2	  Distributions	  and	  fitting	  parameters	  
	   The	  most	  commonly	  used	  distribution	  model	  in	  turbulence	  analysis	  is	  the	  log-­‐normal	  
model	  (Gurvich	  and	  Yaglom,	  1967).	  Other	  models	  have	  been	  suggested	  to	  more	  accurately	  
describe	  the	  distribution	  under	  different	  environmental	  conditions;	  models	  such	  as	  the	  B-­‐model,	  
alpha-­‐model,	  p-­‐model,	  log-­‐Levy	  model,	  log-­‐gamma	  model,	  and	  Burr	  type	  XII	  model	  (e.g.	  Seuront	  
et	  al.	  (2005);	  Lozovatsky	  et	  al.	  (2015)).	  These	  deviations	  are	  sometimes	  associated	  with	  
measurements	  in	  the	  ocean	  pycnocline,	  where	  there	  is	  significant	  hydrographic	  variability,	  or	  in	  
regions	  of	  anomalously	  large	  shear.	  Because	  the	  Damariscotta	  River	  shows	  periodic	  signs	  of	  
weak	  stratification,	  strong	  tidal	  currents,	  and	  a	  significantly	  varying	  bathymetry,	  the	  distribution	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of	  𝜀	  measurements	  is	  evaluated	  on	  two	  scales.	  First,	  the	  complete	  dataset	  of	  dissipation	  
measurements	  is	  used	  to	  describe	  the	  tidal	  distribution	  as	  it	  varies	  across	  the	  tidal	  cycle	  	  	  
(referred	  to	  as	  ‘daily-­‐𝜀-­‐distributions’).	  Daily-­‐𝜀-­‐distributions	  are	  shown	  for	  wet	  season,	  spring	  
tides,	  in	  all	  reaches	  (Figure	  2.5)	  to	  emphasize	  that,	  regardless	  of	  bathymetry,	  tidal	  dominance,	  
etc.,	  the	  𝜀	  distribution	  about	  the	  mean	  𝜀	  value	  is	  in	  fact,	  log-­‐normal.	  Individual	  casts	  are	  also	  
evaluated	  to	  describe	  intratidal	  distributions,	  addressing	  intermittency	  at	  the	  internal,	  or	  
inertial-­‐subrange,	  scale	  (referred	  to	  as	  ‘station-­‐𝜀-­‐distributions’).	  One	  example	  distribution	  has	  
been	  shown	  for	  a	  transect	  during	  the	  wet	  season,	  spring	  tide,	  in	  the	  mid-­‐reach,	  and	  shows	  that	  
even	  at	  this	  scale,	  the	  distribution	  of	  𝜀	  generally	  agrees	  with	  the	  log-­‐normal	  model	  (Figure	  2.6).	  	  
	  
	  
Figure	  2.5.	  Example	  daily	  distributions.	  Daily-­‐𝜀-­‐distribution	  of	  
TKE	  dissipation	  for	  the	  a)	  lower-­‐,	  b)	  mid-­‐,	  and	  c)	  upper-­‐reach.	  
Observed	  TKE	  dissipation	  rate	  data	  shown	  in	  black.	  Lognormal	  
model	  shown	  by	  solid	  blue	  line.	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Skewness	  and	  kurtosis	  values	  were	  found	  to	  range	  between	  3.4-­‐6.8	  and	  14-­‐40,	  respectively,	  and	  
are	  reported	  for	  each	  daily-­‐𝜀-­‐distribution	  in	  Table	  2.1.	  	  
The	  quality	  of	  fit	  is	  further	  assessed	  with	  a	  log	  likelihood	  value,	  which	  evaluates	  the	  total	  
probability	  that	  the	  distribution	  is	  log-­‐normal;	  larger	  log	  likelihood	  implies	  a	  better	  fit.	  
Comparing	  these	  values	  throughout	  the	  tidal	  cycle	  shows	  where,	  across	  the	  estuary,	  and	  when	  𝜀	  
is	  most	  log-­‐normal.	  Hövmöller	  diagrams	  of	  log-­‐likelihood	  and	  depth	  averaged	  velocity	  for	  the	  
	  
Figure	  2.6.	  Example	  station	  distributions.	  Station-­‐  𝜀-­‐distribution	  of	  TKE	  dissipation	  
CDF	  for	  a	  single	  transect	  in	  the	  mid-­‐reach,	  during	  the	  wet	  season	  spring	  tide.	  Stations	  
1-­‐4	  (top-­‐bottom)	  correspond	  to	  stations	  shown	  in	  Figure	  2.2	  for	  the	  mid	  reach.	  
Observed	  TKE	  dissipation	  rate	  data	  shown	  in	  black.	  The	  log-­‐normal	  fit	  is	  shown	  in	  
solid	  blue.	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upper-­‐,	  mid-­‐,	  and	  lower-­‐reach	  (Figure	  2.7),	  indicate	  that	  log-­‐likelihood	  is	  periodic,	  with	  
maximum	  likelihood	  correspond	  to	  late-­‐flood	  into	  early-­‐ebb	  in	  the	  lower	  and	  upper	  reaches,	  and	  
early-­‐	  to	  mid-­‐ebb	  in	  the	  mid-­‐reach.	  Recall,	  that	  in	  the	  lower	  and	  upper	  reaches,	  late-­‐flood	  and	  
early-­‐ebb	  correspond	  to	  minimum	  𝜀.	  In	  the	  mid-­‐reach,	  the	  beginning	  of	  ebb	  corresponds	  to	  
minimum	  𝜀.	  This	  connection	  between	  log-­‐normality	  of	  𝜀	  and	  dissipation	  magnitude,	  
unfortunately,	  is	  restricted	  to	  a	  depth-­‐averaged	  sense	  as	  the	  log-­‐normal	  distribution	  cannot	  be	  
assessed	  throughout	  the	  water	  column.	  Instead,	  if	  offers	  a	  snapshot	  of	  the	  𝜀	  values	  throughout	  
depth	  for	  a	  moment	  in	  time.	  Further	  insight	  into	  cause	  of	  this	  effect	  is	  not	  fully	  realized	  until	  
additional	  mechanisms	  are	  introduced	  and	  the	  results	  of	  the	  relative	  error	  analysis	  are	  discussed	  
in	  sections	  2.5.	  
	  
Figure	  2.7.	  Depth-­‐averaged	  velocity	  and	  log-­‐likelihood.	  Hovmoller	  diagrams	  
of	  depth-­‐averaged	  velocity	  (top)	  and	  log-­‐likelihood	  (bottom)	  for	  the	  upper	  
(left	  column),	  mid-­‐	  (middle	  column),	  and	  lower	  (right	  column)	  reach.	  
Landward	  velocities	  are	  shown	  in	  red	  (+)	  and	  seaward	  velocities	  in	  blue	  (-­‐).	  
Black	  dashed	  lines	  show	  the	  locations	  of	  stations	  1-­‐4	  (left	  to	  right).	  Larger	  
log-­‐likelihood	  indicates	  an	  increased	  log-­‐normal	  fit	  of	  the	  observed	  data.	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2.4.3	  Intermittency	  Factor	  –	  external	  intermittency	  
The	  degree	  of	  external	  intermittency	  was	  assessed	  using	  the	  intermittency	  factor.	  
Values	  were	  shown	  to	  range	  from	  4-­‐6	  in	  all	  three	  reaches,	  agreeing	  with	  values	  presented	  by	  
Baker	  and	  Gibson	  (1987),	  and	  implying	  a	  strongly-­‐intermittent	  region.	  Again,	  the	  vast	  difference	  
in	  the	  physical	  environments	  for	  which	  these	  values	  have	  described	  need	  to	  be	  emphasized.	  
Baker	  and	  Gibson	  describe	  intermittency	  in	  the	  ocean	  pycnocline,	  where	  time	  and	  space	  scales	  
are	  significantly	  different	  than	  those	  in	  estuaries.	  Similarly,	  other	  studies	  in	  the	  stratified	  ocean	  
have	  used	  the	  distribution	  of	  turbulence	  to,	  in	  part,	  describe	  intermittency	  (e.g.	  Lozovatsky	  et	  
al.,	  2015),	  but	  the	  scale	  is	  intended	  describe	  patterns	  on	  the	  order	  of	  a	  semi-­‐diurnal	  tidal	  cycle.	  
While	  events	  in	  the	  ocean	  may	  remain	  statistically	  consistent	  over	  that	  time,	  estuaries	  
experience	  a	  greater	  degree	  of	  variability.	  The	  resulting	  estimate	  of	  mean	  dissipation	  from	  one	  
tidal	  cycle	  effectively	  gives	  one	  value	  to	  represent	  an	  entire	  estuarine	  cross	  section,	  or	  in	  the	  
case	  of	  multiple	  profiling	  stations	  as	  in	  the	  Damariscotta	  River	  study,	  one	  estimate	  of	  𝜀	  per	  
station	  for	  a	  semidiurnal	  tidal	  cycle.	  The	  validity	  of	  such	  representation	  is	  discussed	  further	  in	  
section	  2.5.	  Datasets	  could	  be	  further	  broken	  down	  to	  represent	  each	  point	  in	  the	  cross	  section	  
as	  a	  unique	  dataset,	  effectively	  giving	  20	  –	  60	  mean	  dissipation	  estimates	  (5	  –	  15	  m	  depth	  at	  4	  
stations	  across	  estuary).	  However,	  while	  this	  process	  gains	  added	  spatial	  resolution,	  it	  reduces	  
the	  sample	  size	  by	  an	  order	  of	  magnitude	  and,	  therefore,	  fails	  to	  even	  remotely	  meet	  the	  
criteria	  set	  by	  Baker	  and	  Gibson	  (1987).	  	  
2.4.4	  Sensitivity	  analysis	  –	  internal	  intermittency	  
The	  degree	  of	  internal	  intermittency	  was	  first	  evaluated	  by	  comparing	  mean	  dissipation	  
from	  5	  casts,	  𝜀!,	  and	  mean	  dissipation	  from	  j	  casts,	  𝜀!.	  The	  ratio	  of	  𝜀! 𝜀!	  (Figure	  2.8)	  shows	  the	  
ratio	  of	  mean	  𝜀	  for	  the	  lower-­‐,	  mid-­‐,	  and	  upper-­‐reaches	  for	  spring	  and	  neap	  tides	  during	  the	  wet	  
season.	  This	  result	  shows	  that	  precision	  improves	  with	  increasing	  number	  of	  casts.	  Recall,	  a	  ratio	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of	  
𝜀! 𝜀!	  >	  1	  indicates	  overestimation	  by	  𝜀! 	  and	  𝜀! 𝜀!<	  1	  indicates	  underestimation.	  These	  ratios	  
are	  calculated	  using	  log10	  (𝜀);	  while	  most	  are	  overestimations,	  98%	  are	  within	  the	  same	  order	  of	  
magnitude	  of	  𝜀!.	  Using	  the	  factor-­‐2	  threshold,	  the	  lower-­‐	  and	  mid-­‐reaches	  are	  found	  to	  
converge	  on	  𝜀!	  using	  3	  casts,	  while	  the	  upper-­‐reach	  was	  found	  to	  require	  4	  casts.	  This	  is	  
qualitatively	  assessed	  as:	  2	  casts	  produces	  20,	  25,	  and	  50%	  of	  estimates	  greater	  than	  factor-­‐2	  in	  
the	  lower,	  mid-­‐,	  and	  upper	  reaches,	  3	  casts	  produces	  7,	  8,	  and	  20%	  of	  estimates	  greater	  than	  
factor-­‐2	  (in	  respective	  reaches),	  and	  4	  casts	  produces	  only	  5,	  5,	  and	  8%	  of	  𝜀	  estimates	  greater	  
than	  factor-­‐2	  of	  𝜀!.	  Further	  analysis	  of	  the	  degree	  of	  intermittency	  allows	  these	  results	  to	  be	  
broadly	  applicable	  to	  estuaries	  of	  a	  range	  of	  bathymetric,	  tidal,	  and	  hydrographic	  conditions.	  
First,	  relative	  error	  is	  plotted	  against	  mean	  dissipation,	  𝜀!.	  A	  direct	  relationship	  is	  found	  
between	  relative	  error	  and	  dissipation,	  with	  maximum	  deviation	  from	  𝜀!	  corresponding	  to	  the	  
largest	  values	  of	  𝜀	  magnitudes.	  The	  relationship	  between	  relative	  error	  and	  the	  corresponding	  
local	  streamwise	  current	  velocities	  is	  described	  by	  Figure	  2.9,	  where	  positive	  (red)	  values	  
indicate	  landward	  flow	  and	  negative	  (blue)	  values	  indicate	  seaward	  flow.	  	  Surprisingly,	  it	  is	  
observed	  that	  the	  greatest	  relative	  error	  is	  found	  at	  low	  current	  velocities	  in	  all	  three	  reaches.	  	  
	  
Figure	  2.8.	  Dissipation	  ratios.	  Mean	  TKE	  dissipation	  ratio	  of	  
𝜀! 𝜀!! 	  for	  2,	  3,	  and	  4	  casts	  
in	  the	  lower	  (left),	  mid-­‐	  (middle),	  and	  upper	  (right)	  reaches.	  Ratio	  	  𝜀! 𝜀!! 	  shown	  by	  
black	  solid	  line.	  Mean	  values	  calculated	  from	  2	  casts	  shown	  in	  red,	  3	  casts	  shown	  in	  
blue,	  4	  casts	  shown	  in	  green,	  and	  5	  casts	  indicated	  by	  the	  black	  solid	  line.	  Black	  
dashed	  lines	  mark	  
𝜀! 𝜀!! = 2,	  and	  𝜀! 𝜀!! = 0.5.	  Values	  outside	  black-­‐dashed	  lines	  are	  
greater	  than	  a	  factor	  of	  two	  away	  from	  𝜀!.	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This	  implies	  that	  the	  intermittency	  of	  turbulence	  is	  a	  maximum	  during	  low	  velocity	  periods.	  
Similarly,	  greatest	  internal	  intermittency	  is	  found	  to	  correspond	  to	  lateral	  current	  velocities	  near	  
zero	  (not	  shown).	  While	  no	  relationship	  was	  discovered	  between	  depth	  and	  relative	  error,	  the	  
location	  of	  the	  data	  points	  with	  greatest	  relative	  error	  were	  identified	  to	  occur	  in	  the	  mid	  to	  
upper	  water	  column	  in	  the	  lower-­‐reach,	  at	  mid-­‐depth	  in	  the	  mid-­‐reach,	  and	  near-­‐bottom	  in	  the	  
upper-­‐reach.	  Note	  that	  the	  along-­‐channel	  color	  bar	  has	  been	  preserved	  for	  all	  figures,	  
emphasizing	  that	  the	  largest	  discrepancies	  occur	  during	  low-­‐velocities.	  Because	  the	  maximum	  
relative	  error	  is	  shown	  to	  correspond	  to	  largest	  𝜀	  values	  and	  at	  mid	  depth	  in	  the	  lower	  and	  mid-­‐
	  
Figure	  2.9.	  Relative	  error	  and	  flow,	  TKE	  dissipation,	  and	  depth.	  Relative	  error	  vs.	  along-­‐channel	  
velocity,	  mean	  TKE	  dissipation,	  and	  depth	  for	  the	  lower	  (top	  row),	  mid-­‐	  (middle	  row),	  and	  upper	  
reach	  (bottom	  row).	  Relative	  errors	  are	  calculated	  using	  𝜀! −   𝜀! 𝜀!! .	  Landward	  velocities	  are	  
shown	  in	  red	  (+)	  and	  seaward	  velocities	  in	  blue	  (-­‐).	  Mean	  TKE	  dissipation	  rates	  are	  calculated	  
using	  𝜀!.	  Depth	  is	  nondimensionalized	  across	  all	  reaches	  of	  the	  estuary.	  Red-­‐blue	  contour	  in	  all	  
plots	  refers	  to	  along	  channel	  velocities	  plotted	  from	  each	  corresponding	  reach.	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reaches,	  intermittent	  events	  at	  this	  scale	  can	  be	  traced	  to	  the	  maximum	  𝜀	  that	  was	  observed	  to	  
be	  uncoupled	  from	  the	  bottom	  boundary.	  	  
	   Considering	  turbulence	  generation	  mechanisms	  that	  are	  inherently	  uncoupled	  from	  the	  
bottom	  boundary,	  relative	  error	  is	  compared	  with	  lateral	  straining	  of	  velocity	  shear,	  !"!" !"!",	  and	  
longitudinal	  straining	  of	  velocity	  shear,	  !"!" !"!".	  A	  relationship	  between	  increasing	  straining	  of	  
velocity	  shear	  and	  increased	  relative	  error	  is	  observed	  in	  all	  reaches	  (Figure	  2.10).	  While	  the	  
relationship	  appears	  in	  all	  three	  reaches,	  the	  connection	  between	  straining	  of	  velocity	  shear	  and	  	  
intermittency	  is	  strongest	  in	  lower	  and	  upper	  reaches.	  Additionally,	  the	  magnitude	  of	  lateral	  and	  
	  
Figure	  2.10.	  Relative	  error	  and	  straining	  of	  velocity	  shear.	  Same	  as	  
Figure	  2.9,	  but	  for	  lateral	  and	  longitudinal	  straining	  of	  velocity	  shears	  
in	  the	  lower	  (top	  row),	  mid-­‐	  (middle	  row),	  and	  upper	  reach	  (bottom	  
row).	  
	   32	  
longitudinal	  straining	  of	  velocity	  shear	  is	  slightly	  larger	  in	  these	  reaches	  than	  the	  mid-­‐reach.	  The	  
magnitude	  of	  lateral	  straining	  of	  velocity	  shear	  is	  also	  noted	  to	  be	  six	  orders	  of	  magnitude	  larger	  
than	  longitudinal	  straining	  of	  velocity	  shear.	  These	  results	  discussed	  further	  in	  section	  2.5.	  
Minimal	  connection	  is	  observed	  between	  relative	  error	  and	  Osmidov	  length	  scale	  
(Figure	  2.11).	  A	  slight	  tendency	  towards	  increased	  relative	  error	  is	  observed	  at	  the	  largest	  length	  
scales	  in	  the	  lower-­‐	  and	  upper-­‐reaches,	  while	  the	  mid-­‐reach	  shows	  two	  clearly	  defined	  peaks	  
occurring	  at	  0.1	  and	  0.5	  m	  length	  scales.	  Generally,	  however,	  its	  interpreted	  that	  intermittency	  
is	  not	  expect	  to	  occur	  in	  eddies	  of	  any	  particular	  size,	  but	  instead	  occur	  uniform	  across	  all	  scales.	  
	  
Figure	  2.11.	  Relative	  error	  and	  buoyancy,	  Osmidov	  length	  scale,	  and	  age.	  Same	  as	  Figure	  
2.9,	  but	  for	  relative	  error	  vs.	  buoyancy	  frequency,	  Osmidov	  length	  scale,	  and	  age	  of	  
turbulence	  for	  the	  lower	  (top	  row),	  mid-­‐	  (middle	  row),	  and	  upper	  reach	  (bottom	  row).	  
Relative	  errors	  are	  calculated	  using	  𝜀! −   𝜀! 𝜀!! .	  Larger	  buoyancy	  frequency	  corresponds	  
to	  increased	  stratification.	  Black	  dashed	  line	  indicates	  ROT	  =	  1;	  values	  >	  1	  indicate	  active	  
turbulence,	  values	  <	  1	  indicate	  fossil	  turbulence.	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Little	  relation	  was	  found	  to	  exist	  with	  stratification	  or	  vertical	  shear	  in	  horizontal	  velocities	  (not	  
shown).	  Finally,	  the	  age	  of	  turbulence	  was	  investigated	  and	  found	  to	  weakly	  relate	  to	  relative	  
error	  (Figure	  2.11).	  Recall,	  Rot	  >	  1	  represents	  active	  turbulence	  and	  Rot	  <	  1	  represents	  fossil	  
turbulence.	  From	  Figure	  2.11,	  most	  𝜀	  measurements	  are	  made	  in	  actively	  overturning	  eddies,	  
with	  increasingly	  more	  fossil	  turbulence	  recorded	  up-­‐estuary.	  In	  the	  lower-­‐	  and	  mid-­‐reaches	  all	  
significant	  deviations	  from	  𝜀!,	  occur	  in	  active	  turbulence.	  In	  the	  upper-­‐reach,	  where	  the	  highest	  
proportion	  of	  significant	  deviations	  from	  𝜀!	  occur	  as	  fossil	  turbulence,	  only	  5%	  of	  deviations	  >	  
10%	  relative	  error	  are	  fossil.	  
2.5	  Discussion	  
	   The	  development	  of	  vertically	  profiling	  microstructure	  instruments	  have	  allowed	  for	  3-­‐
dimensional	  sampling	  of	  turbulence	  when	  repeatedly	  deployed	  across	  an	  estuary	  over	  a	  tidal	  
cycle.	  However,	  despite	  the	  benefits	  these	  instruments	  offer	  over	  previous	  methods	  in	  gained	  
spatial	  and	  temporal	  resolution,	  the	  current	  literature	  fails	  to	  address	  best	  practices	  for	  
precisely	  measuring	  turbulent	  mixing	  specifically	  addressing	  the	  problems	  introduced	  by	  
intermittency.	  Baker	  and	  Gibson	  (1987)	  gave	  a	  detailed	  analysis	  of	  the	  statistical	  consequences	  
of	  intermittency	  in	  the	  stratified	  ocean,	  presenting	  acceptable	  sample	  sizes	  for	  estimating	  mean	  	  
dissipation	  rates	  in	  strongly	  intermittent	  flows.	  While	  these	  thresholds	  may	  provide	  acceptable	  
thresholds	  for	  ocean	  environments,	  they	  are	  generally	  not	  applicable	  to	  estuaries.	  2,600	  to	  
10,000	  individual	  samples	  is	  achievable	  over	  the	  course	  of	  a	  complete	  semidiurnal	  tidal	  cycle,	  
but	  a	  single	  estimation	  of	  mean	  dissipation	  is	  not	  useful	  in	  the	  momentum	  balances	  commonly	  
used	  in	  hydrodynamic	  estuarine	  studies.	  The	  degree	  of	  external	  intermittency	  has	  been	  
evaluated	  for	  a	  well-­‐mixed	  estuary	  via	  the	  intermittency	  factor	  and	  found	  to	  fall	  within	  the	  
range	  of	  values	  published	  by	  Baker	  and	  Gibson	  (1987).	  This	  implies	  that	  for	  an	  ocean	  
environment	  with	  equal	  or	  proportional	  large-­‐scale	  intermittency	  as	  has	  been	  observed	  in	  the	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Damariscotta	  River,	  mean	  dissipation	  rates	  could	  be	  predicted	  with	  95%	  confidence.	  For	  limited	  
purposes,	  a	  single	  estimate	  of	  mean	  TKE	  dissipation	  may	  be	  appropriate	  for	  estuaries	  (e.g.	  
simple	  analytical	  modeling),	  but	  generally	  fails	  to	  represent	  turbulence	  as	  scales	  are	  commonly	  
observed	  to	  range	  multiple	  orders	  of	  magnitude	  throughout	  a	  single	  tidal	  cycle.	  Furthermore,	  
this	  does	  not	  evaluate	  if	  internal	  intermittency	  has	  been	  addressed	  with	  the	  sampling	  scheme	  as	  
achieving	  a	  level	  of	  103	  individual	  samples	  is,	  in	  fact,	  unachievable	  on	  time-­‐scales	  necessary	  to	  
identify	  internal	  intermittency.	  
	   The	  distribution	  of	  turbulence	  was	  the	  first	  step	  in	  assessing	  internal	  intermittency.	  The	  
log-­‐normal	  model	  has	  been	  used	  to	  describe	  the	  distribution	  of	  the	  turbulent	  cascade	  
accounting	  for	  the	  presence	  of	  internal	  intermittency	  beginning	  with	  Kolmogrov	  (1962)	  and	  
Obuhkov	  (1962).	  Because	  the	  theory	  accounts	  for	  associated	  inertial-­‐subrange	  intermittency,	  
the	  patchiness	  that	  appears	  in	  turbulent	  eddies	  on	  the	  order	  of	  cm(s)	  to	  m(s),	  one	  would	  
generally	  expect	  the	  instantaneous	  distribution	  of	  turbulence	  to	  follow	  the	  log-­‐normal	  
distribution	  for	  individual	  profiles,	  regardless	  of	  the	  degree	  of	  internal	  intermittency.	  Each	  
profile	  in	  the	  lower-­‐,	  mid-­‐,	  and	  upper-­‐reaches	  of	  the	  Damariscotta	  was	  found	  to	  generally	  follow	  
a	  log-­‐normal	  distribution.	  Clearly	  however,	  there	  are,	  significant	  deviations	  from	  the	  log-­‐normal	  
curve.	  An	  analysis	  of	  the	  tidally	  varying	  log-­‐likelihood	  was	  performed	  to	  identify	  the	  tidal	  phases	  
during	  which	  turbulence	  distributions	  are	  found	  to	  be	  log-­‐normal.	  Maximum	  log-­‐likelihood	  was	  
found	  to	  occur	  during	  the	  transition	  from	  flood	  to	  ebb,	  generally	  over	  the	  main	  channel	  of	  each	  
cross	  section.	  Skewness	  was	  calculated	  to	  be	  in	  the	  range	  3.9	  –	  5.4	  in	  the	  lower-­‐reach,	  3.4	  –	  4.1	  
in	  the	  mid-­‐reach,	  and	  4.6	  –	  6.8	  in	  the	  upper-­‐reach.	  Kurtosis	  was	  found	  to	  range	  19	  –	  42	  in	  the	  
lower-­‐reach,	  16	  –	  28	  in	  the	  mid-­‐reach,	  and	  25	  –	  60	  in	  the	  upper-­‐reach.	  However,	  due	  to	  the	  lack	  
of	  standards	  regarding	  such	  results	  in	  estuarine	  sciences,	  this	  analysis	  fails	  to	  further	  describe	  
the	  implications	  on	  the	  dataset	  of	  a	  non-­‐log-­‐normal	  distribution,	  nor	  attribute	  quality	  of	  fit	  to	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either	  the	  presence	  or	  absence	  of	  significant	  internal	  intermittency.	  The	  nature	  of	  this	  approach	  
requires	  that	  the	  distribution	  be	  calculated	  for	  entire	  casts,	  which	  prevents	  the	  evaluation	  of	  
what	  physical	  mechanisms	  affect	  the	  degree	  of	  internal	  intermittency,	  as	  they	  vary	  in	  time	  and	  
space.	  Additionally,	  the	  approach	  does	  not	  lend	  itself	  to	  relatively	  small	  datasets,	  limiting	  its	  
applicability	  for	  assessing	  how	  many	  casts	  should	  be	  recommended	  to	  measure	  turbulence.	  	  
This	  outcome,	  again,	  highlights	  the	  need	  for	  a	  new	  method	  of	  assessing	  problems	  
introduced	  by	  internal	  intermittency	  as	  the	  previous	  analyses	  fail	  to	  adequately	  describe	  if	  
intermittency	  is	  addressed	  or	  is	  capable	  of	  being	  addressed	  by	  the	  accepted	  sampling	  practices	  
in	  estuarine	  environments	  such	  as	  those	  described	  in	  this	  study.	  We	  chose	  to	  build	  upon	  the	  
recommendations	  in	  Baumert	  (2010),	  who	  said	  consistency	  of	  TKE	  dissipation	  data	  was	  more	  
important	  than	  accuracy.	  As	  such,	  the	  precision	  of	  𝜀	  has	  been	  assessed	  simply	  using	  relative	  
error	  estimates	  of	  𝜀!,	  where	  𝜀!	  represents	  the	  most	  precise	  measurement	  of	  𝜀	  possible	  due	  to	  
the	  unalterable	  experimental	  constraints	  associated	  with	  estuarine	  studies.	  The	  proposed	  
approach,	  calculating	  mean	  dissipation	  from	  various	  subsets	  of	  the	  complete	  dissipation	  
dataset,	  offers	  two	  main	  benefits:	  1)	  the	  process	  will	  highlight	  if	  fewer	  casts	  can	  be	  taken	  while	  
still	  falling	  within	  an	  acceptable	  range	  of	  the	  precise	  measurement	  of	  dissipation,	  𝜀!,	  and	  2)	  
internal	  intermittency,	  which	  may	  only	  affect	  individual	  bins	  within	  a	  profile,	  can	  be	  assessed	  for	  
dependence	  on	  various	  mechanisms	  that	  dominate	  estuarine	  dynamics.	  The	  considerable	  
variability	  within	  the	  Damariscotta	  River	  provides	  an	  ideal	  setting	  to	  assess	  how	  these	  
mechanisms	  interact.	  Recommendations	  may,	  therefore,	  be	  made	  for	  the	  three	  representative	  
reaches	  that	  reflect	  various	  characteristic	  estuarine	  environments.	  
First,	  the	  ratio	  of	  
!!!!	  is	  assessed	  throughout	  the	  estuary	  and	  similar	  results	  are	  found	  in	  
each	  reach.	  As	  the	  number	  of	  casts	  used	  in	  the	  calculation	  of	  mean	  dissipation	  increases,	  the	  
spread	  about	  𝜀!	  decreases.	  Any	  intermittent	  events	  captured	  in	  the	  first	  few	  profiles	  will	  be	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averaged	  out	  as	  sample	  size	  increases,	  and	  while	  their	  influence	  could	  not,	  and	  should	  not,	  be	  
removed,	  the	  weight	  of	  the	  intermittency	  may	  be	  reduced	  if	  the	  associated	  intermittency	  is	  
sufficiently	  small.	  In	  the	  lower-­‐	  and	  mid-­‐	  reaches,	  utilizing	  𝜀!	  keeps	  estimates	  of	  TKE	  dissipation	  
within	  a	  factor	  of	  two	  of	  𝜀!	  over	  92-­‐95%	  of	  the	  dataset.	  While	  𝜀!,	  provides	  results	  generally	  
within	  a	  factor	  of	  1.5	  of	  𝜀!.	  The	  authors	  have	  chosen	  to	  identify	  a	  factor	  of	  two	  as	  the	  acceptable	  
threshold	  for	  𝜀! 	  based	  on	  accuracy	  claims	  made	  by	  other	  studies	  of	  turbulent	  mixing	  in	  estuaries	  
(e.g.	  Peters	  et	  al.,	  1988).	  In	  the	  upper-­‐reach,	  it	  is	  found	  that	  𝜀!	  is	  necessary	  to	  preserve	  
estimates	  within	  a	  factor	  of	  two	  of	  𝜀!.	  These	  finding	  can	  be	  applied	  to	  other	  estuarine	  systems	  if	  
additional	  mechanism	  can	  be	  linked	  to	  the	  degree	  of	  internal	  intermittency.	  	  
As	  previously	  discussed,	  𝜀!	  represents	  what	  may	  be	  considered	  the	  minimum	  
acceptable	  estimate	  of	  𝜀	  and	  will	  highlight	  the	  range	  over	  which	  a	  5-­‐cast	  dataset	  is	  internally	  
affected	  by	  intermittency.	  Calculating	  the	  relative	  error	  between	  all	  𝜀!	  estimates	  (from	  casts	  1-­‐
2,	  2-­‐3,	  3-­‐4,	  and	  4-­‐5)	  further	  exemplifies	  the	  consequences	  of	  sampling	  in	  a	  strongly	  intermittent	  
turbulent	  patch	  versus	  an	  otherwise	  non-­‐intermittent	  turbulent	  patch.	  Maximum	  relative	  error	  
was	  observed	  to	  occur	  at	  low	  velocities	  indicating	  that	  intermittent	  events	  may	  be	  more	  
common	  in	  areas	  of	  the	  cross	  section	  away	  from	  maximum	  current	  velocities,	  such	  as	  a	  region	  
with	  sheared	  tidal	  flow.	  Figure	  2.9	  shows	  that	  these	  values	  occur	  throughout	  depth,	  specifically	  
in	  the	  mid	  to	  upper	  water	  column	  in	  the	  rectangular	  cross	  section,	  at	  mid-­‐depth	  in	  the	  deep,	  
channel-­‐shoal	  cross	  section,	  and	  near-­‐bottom	  in	  the	  shallowest	  region	  of	  the	  estuary.	  Figure	  2.9	  
further	  shows	  that	  maximum	  error	  in	  the	  lower-­‐	  and	  upper-­‐reaches	  correspond	  to	  maximum	  𝜀	  
values.	  These	  maximum	  𝜀	  can	  be	  identified	  as	  patches	  of	  turbulent	  flow	  uncoupled	  from	  the	  
bottom	  boundary,	  suggesting	  that	  most	  internal	  intermittency	  is	  observed	  in	  non	  bottom-­‐
boundary	  layer	  generated	  turbulence	  in	  channels	  of	  significant	  depth	  (observed	  to	  be	  >	  20	  m	  in	  
the	  Damariscotta	  River).	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When	  compared	  with	  horizontal	  velocity	  shear,	  maximum	  relative	  error	  was	  found	  to	  
correspond	  with	  largest	  values	  of	  lateral	  and	  longitudinal	  velocity	  shears.	  Lateral	  straining	  of	  
velocity	  shears	  has	  been	  identified	  as	  a	  turbulence	  generating	  mechanism	  by	  Collignon	  and	  
Stacey	  (2013)	  and	  Huguenard	  et	  al.	  (2015)	  and	  longitudinal	  straining	  is	  believed	  to	  act	  in	  a	  
similar	  manner.	  The	  locations	  and	  velocities	  at	  which	  maximum	  relative	  error	  occurs	  supports	  
that	  this	  straining	  is	  linked	  with	  intermittency.	  In	  the	  lower	  reach,	  maximum	  relative	  error	  
relates	  to	  ebb	  velocities	  mid-­‐depth;	  this	  location	  corresponds	  to	  a	  divergence	  of	  flow	  in	  the	  
along-­‐channel	  direction	  as	  depth	  increases	  towards	  the	  mouth.	  In	  the	  mid-­‐reach,	  maximum	  
error	  relates	  to	  flood	  velocities	  mid-­‐column,	  which	  similarly	  corresponds	  to	  a	  local	  with	  strong	  
lateral	  shears	  in	  along	  channel	  velocity	  and	  significant	  lateral	  depth	  variability.	  Lateral	  or	  
longitudinal	  straining	  of	  velocity	  shear	  may	  inherently	  be	  an	  intermittent	  process	  because	  it	  can	  
occur	  away	  from	  a	  fixed	  boundary	  (the	  bottom	  or	  the	  surface).	  This	  characteristic	  links	  its	  effect	  
with	  tidal	  characteristics	  that	  change	  very	  rapidly	  throughout	  the	  tidal	  cycle.	  As	  the	  water	  
column	  becomes	  periodically	  laterally	  or	  vertically	  sheared	  during	  transitions	  from	  flood	  to	  ebb,	  
over	  complex	  bathymetric	  features	  (i.e.	  steep	  slopes	  at	  the	  channel-­‐shoal	  interface),	  or	  in	  
regions	  with	  significant	  lateral	  and	  streamwise	  current	  velocity	  variability,	  lateral	  and	  
longitudinal	  straining	  of	  velocity	  shear	  will	  periodically	  generate	  turbulence.	  Furthermore,	  the	  
exact	  location	  of	  the	  generation	  may	  migrate	  slightly	  as	  the	  mechanism	  may	  not	  be	  locked	  to	  a	  
particular	  location.	  The	  consequence	  for	  profiling	  a	  column	  of	  water	  may	  be	  the	  appearance	  and	  
disappearance	  of	  a	  highly	  turbulent	  event	  at	  the	  internal	  intermittency	  scale.	  
Surprisingly,	  no	  such	  robust	  relationships	  could	  be	  identified	  with	  Osmidov	  length	  scale,	  
buoyancy	  frequency,	  or	  vertical	  shear	  in	  horizontal	  velocities.	  This	  implies	  that	  internal	  
intermittency	  in	  turbulence	  is	  present,	  uniformly,	  across	  all	  eddy	  sizes	  and	  regions	  of	  stratified	  
or	  stratified	  flow;	  the	  later	  of	  which	  has	  been	  identified	  to	  cause	  intermittency	  in	  ocean	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environments.	  This	  may	  be	  a	  result	  unique	  to	  the	  Damariscotta	  River	  as	  stratification	  occurs	  only	  
weakly	  and	  is	  periodic	  in	  nature.	  This	  limits	  the	  applicability	  of	  the	  recommendations	  to	  other	  
well-­‐mixed	  or	  partially	  stratified	  estuaries;	  further	  investigation	  is	  necessary	  to	  identify	  how	  
these	  relationships	  differ	  in	  strongly	  stratified	  systems.	  	  
These	  results	  lead	  to	  the	  following	  recommendations	  that	  may	  be	  applicable	  for	  other	  
estuaries.	  First,	  we	  recommend	  that	  increased	  sampling	  be	  performed	  during	  transitioning	  
phases	  of	  the	  tide.	  Second,	  we	  recommend	  that	  increased	  sampling	  rates	  be	  taken	  in	  regions	  of	  
especially	  complex	  local	  features,	  such	  as	  sharp	  channel	  shoal	  morphologies,	  bends,	  around	  
aquaculture	  farms,	  or	  other	  features	  that	  may	  trigger	  lateral	  or	  longitudinal	  straining	  of	  velocity	  
shear.	  While	  no	  direct	  relationship	  with	  vertical	  position	  in	  the	  water	  column	  was	  found,	  the	  
magnitude	  of	  relative	  error	  is	  observed	  to	  increase	  up	  estuary,	  where	  mean	  water	  depths	  are	  
significantly	  smaller	  than	  elsewhere,	  which	  leads	  to	  the	  third	  recommendation	  that	  increased	  
sampling	  be	  performed	  in	  shallower	  regions	  of	  the	  estuary.	  Here,	  an	  increased	  sampling	  scheme	  
may	  be	  performing	  as	  many	  casts	  as	  are	  possible	  within	  the	  limits	  of	  the	  study,	  or	  at	  minimum	  4	  
casts,	  as	  was	  described	  above.	  In	  regions	  of	  relatively	  less	  complex	  bathymetry	  and	  steady,	  
uniform	  flow,	  sampling	  rates	  were	  found	  to	  produce	  consistent	  TKE	  dissipation	  results	  utilizing	  3	  
casts.	  While	  fewer	  individual	  measurements	  may	  be	  possible,	  we	  recommend	  using	  this	  
minimum	  as	  it	  allows	  for	  chance	  data	  loss	  (i.e.	  if	  instrument	  probes	  come	  in	  contact	  with	  
particulate	  matter).	  These	  recommendations	  are	  suitable	  for	  partially-­‐	  to	  well-­‐mixed	  estuaries	  
with	  varying	  degrees	  of	  bathymetric	  characteristics,	  but	  could	  be	  altered	  to	  suit	  a	  range	  of	  other	  
environments	  with	  some	  consideration.	  
2.6	  Conclusions	  
	   The	  intermittent	  nature	  of	  turbulence	  is	  apparent	  through	  observation	  of	  TKE	  
dissipation	  profiles	  in	  the	  Damariscotta	  River.	  These	  measurements	  were	  shown	  to	  exhibit	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periodicity,	  with	  maxima	  generally	  corresponding	  to	  peak	  tidal	  current	  velocities.	  Tidal	  
asymmetries	  in	  turbulence	  appear	  up	  estuary,	  as	  the	  bathymetry	  becomes	  increasingly	  complex	  
and	  average	  depth	  approaches	  tidal	  wave	  height.	  This	  scale	  of	  intermittency,	  called	  external	  
intermittency,	  as	  well	  smaller	  scales	  of	  intermittency,	  referred	  to	  as	  internal	  intermittency,	  pose	  
a	  number	  of	  problems	  for	  accurately	  measuring	  TKE	  dissipation	  rates	  and	  can	  greatly	  affect	  
mean	  dissipation	  rates,	  and	  as	  such,	  many	  individual	  samples	  of	  TKE	  dissipation	  are	  necessary	  to	  
address	  these	  problems	  of	  intermittency.	  
	   The	  current	  literature	  focuses	  on	  intermittency	  in	  oceanic	  and	  atmospheric	  
environments	  and	  presents	  various	  methods	  to	  measure	  the	  degree	  of	  intermittency,	  offering	  
standards	  for	  acceptable	  dataset	  size.	  These	  standards	  are	  found	  to	  inadequately	  address	  
intermittency	  on	  scales	  relevant	  to	  estuarine	  hydrodynamics	  as	  time	  and	  space	  scales	  smaller	  
than	  those	  in	  the	  open	  ocean	  are	  of	  importance.	  A	  simple	  method	  for	  assessing	  internal	  
intermittency	  in	  well-­‐mixed	  estuaries	  is	  proposed	  to	  1)	  optimize	  experimental	  setup	  for	  
sampling	  turbulence	  with	  microstructure	  profilers	  in	  estuaries,	  specifically	  addressing	  how	  many	  
profiles	  are	  necessary	  to	  achieve	  an	  adequately	  precise	  estimate	  of	  TKE	  dissipation,	  and	  2)	  
identify	  what	  tidal	  and	  hydrographic	  characteristics	  may	  be	  associated	  with	  various	  degrees	  of	  
internal	  intermittency.	  	  
	   A	  statistical	  analysis	  reveals	  that	  between	  3	  and	  4	  casts	  per	  transect	  are	  ideal	  for	  
estimating	  turbulence	  in	  well-­‐mixed	  estuaries.	  Results	  further	  show	  that	  internal	  intermittency	  
in	  turbulent	  patches	  is	  inversely	  related	  to	  local	  streamwise	  and	  stream-­‐normal	  current	  
velocities	  but	  directly	  related	  to	  the	  magnitude	  of	  TKE	  dissipation	  rate.	  These	  conditions	  are	  
observed	  to	  be	  associated	  with	  turbulence	  uncoupled	  from	  the	  bottom	  boundary,	  suggestively	  
created	  by	  some	  other	  forcing	  mechanism.	  Additionally,	  it	  was	  recognized	  that	  these	  regions	  are	  
not	  found	  to	  correspond	  to	  anomalously	  large	  stratification	  or	  shear.	  The	  recommendation	  is	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CHAPTER	  3	  
SPATIAL	  AND	  SEASONAL	  VARIABILITY	  IN	  A	  MAINE	  ESTUARY:	  TIDAL	  AND	  	  
SUBTIDAL	  DYNAMICS	  
3.1	  Summary	  
Subtidal	  flow	  patterns	  have	  been	  found	  to	  vary	  throughout	  different	  segments	  of	  the	  
Damariscotta	  River,	  exhibiting	  varying	  degrees	  of	  vertically	  and	  laterally	  sheared	  flow.	  In	  the	  
lower	  estuary,	  subtidal	  flow	  exhibits	  the	  classical,	  gravitationally-­‐driven	  circulation	  pattern.	  A	  
defined	  laterally	  sheared	  structure	  is	  observed	  in	  the	  mid-­‐reach,	  with	  inflow	  in	  the	  main	  channel	  
and	  outflow	  over	  the	  shoal	  and	  is	  indicative	  local	  flow	  around	  a	  headland.	  The	  laterally	  sheared	  
subtidal	  flow	  structure	  persists	  in	  the	  upper	  reach	  with	  reversed	  locations	  of	  flow	  direction,	  (i.e.	  
inflow	  over	  the	  shoals	  and	  outflow	  in	  the	  main	  channel)	  and	  is	  instead	  indicative	  of	  asymmetric	  
tidal	  mixing	  from	  shallow	  water	  depth,	  volume	  effects	  from	  intratidally	  exposed	  shoals,	  and	  
channel	  bends.	  Dominant	  modes	  of	  an	  EOF	  analysis	  can	  be	  linked	  to	  local	  forcing	  mechanisms,	  
particularly	  pressure	  gradients	  and	  bathymetric	  effects.	  An	  analysis	  of	  the	  subtidal	  and	  tidal	  
momentum	  balances	  reveals	  that	  barotropic	  forcing,	  streamwise	  and	  stream-­‐normal	  advection,	  
and	  friction	  all	  dominate	  with	  varying	  degrees	  throughout	  the	  estuary.	  Magnitudes	  of	  subtidal	  
advection	  and	  friction	  increase	  up	  estuary,	  as	  the	  channel	  geometries	  become	  more	  complex.	  
The	  results	  demonstrate	  the	  capacity	  of	  a	  short	  estuary	  to	  exhibit	  significant	  longitudinal	  
variability	  in	  subtidal	  dynamics	  due	  to	  the	  localized,	  complex	  morphological	  features.	  
3.2	  Introduction	  	  
The	  threat	  of	  sea	  level	  rise	  to	  coastal	  communities	  has	  steadily	  grown	  over	  the	  past	  
several	  decades	  as	  sea	  level	  rise	  predictions	  continue	  to	  change.	  Current	  estimates	  forecast	  a	  
global	  rise	  of	  anywhere	  between	  24	  and	  131	  cm	  in	  the	  21st	  century	  (Kopp	  2016).	  Rising	  seas	  
threaten	  to	  disrupt	  or	  significantly	  change	  characteristics	  of	  estuaries	  that	  are	  either	  developed	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or	  relied	  upon	  by	  coastal	  communities;	  the	  Damariscotta	  River	  is	  one	  such	  example.	  The	  
Damariscotta	  River	  plays	  a	  dominant	  role	  in	  Maine’s	  aquaculture	  industry,	  accommodating	  
nearly	  80%	  of	  Maine’s	  oyster	  sector,	  and	  a	  healthy	  community	  of	  mussel	  and	  kelp	  farms.	  In	  
investigating	  how	  the	  river	  will	  react	  to	  rising	  seas,	  a	  fundamental	  understanding	  of	  the	  river’s	  
hydrodynamics	  is	  necessary	  before	  forecasting	  models	  can	  be	  developed.	  Research	  on	  the	  river	  
is	  very	  limited;	  only	  one	  other	  thorough	  investigation	  of	  the	  Damariscotta	  River	  has	  been	  
performed	  (McAlice,	  1979),	  and	  because	  of	  the	  many	  improvements	  in	  hydrodynamic	  
measurement	  technology	  and	  the	  changing	  presence	  of	  aquaculture	  farms,	  an	  update	  is	  long	  
overdue.	  
A	  thorough	  knowledge	  of	  the	  subtidal	  momentum	  balance	  is	  an	  integral	  part	  of	  
understanding	  estuarine	  health	  and	  dynamics.	  In	  the	  classical	  model	  of	  estuarine	  circulation,	  the	  
balance	  is	  reduced	  to	  barotropic	  pressure	  gradient	  and	  baroclinic	  pressure	  gradient,	  which,	  on	  
the	  subtidal	  scale,	  results	  in	  the	  commonly	  known	  two-­‐layer	  subtidal	  circulation	  pattern	  
(Pritchard,	  1956).	  However,	  many	  other	  mechanisms	  modulate	  the	  momentum	  balance;	  
mechanisms	  such	  as	  nonlinear	  tidal	  advection	  (Lerczak	  and	  Geyer,	  2004),	  tidal	  asymmetries	  in	  
mixing	  (Stacy	  et	  al.,	  2008;	  Burchard	  et	  al.,	  2011;	  Cheng	  et	  al.,	  2011),	  wind	  stress	  (Wong	  and	  
Valle-­‐Levinson,	  2002),	  friction	  (Arnott	  et	  al.,	  2012),	  and	  Coriolis	  (Li	  and	  O’Donnell,	  2005;	  Valle-­‐
Levinson,	  2008).	  Considering	  tidally	  dominated	  systems,	  Li	  et	  al.	  (1998)	  found	  subtidal	  flow	  in	  a	  
long	  estuary	  exhibits	  net	  inflow	  over	  the	  shoals	  and	  outflow	  in	  the	  main	  channel.	  Winant	  and	  
Gutierrez	  de	  Velasco	  (2003),	  found	  that	  this	  pattern	  reversed	  in	  a	  short	  estuary,	  with	  inflow	  in	  
the	  deep	  channel	  and	  outflow	  over	  the	  shoals.	  Kim	  and	  Voulgaris	  (2004)	  later	  found	  a	  single	  
estuary	  could	  exhibit	  both	  patterns	  at	  different	  locations	  throughout	  various	  basins.	  Li	  and	  
O’Donnell	  (2005)	  explained	  why	  these	  multiple	  patterns	  occur	  within	  a	  single	  system;	  they	  
modeled	  depth-­‐averaged	  subtidal	  flow	  in	  channels	  of	  various	  lengths	  using	  an	  analytical	  model,	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concluding	  that	  short	  estuaries	  and	  the	  closed	  end	  of	  long	  estuaries	  may	  exhibit	  inflow	  in	  the	  
main	  channel	  and	  outflow	  over	  the	  shoals,	  while	  the	  mouth	  of	  long	  estuaries	  may	  show	  the	  
reverse.	  Never	  before,	  however,	  has	  the	  longitudinal	  pattern	  observed	  by	  Kim	  and	  Voulgaris	  
(2004)	  and	  described	  by	  Li	  and	  O’Donnell	  (2005)	  been	  found	  to	  reverse,	  where	  classical	  
gravitational	  circulation	  occurs	  at	  the	  mouth	  and	  the	  typical	  tidally	  driven	  subtidal	  flow	  regime	  
of	  a	  long	  channel	  appears	  at	  the	  estuary	  head.	  	  
Observations	  in	  the	  Damariscotta	  River,	  a	  short,	  meso-­‐tidal,	  well-­‐mixed	  Maine	  estuary,	  
show	  that	  a	  unique	  distribution	  of	  subtidal	  flow	  regimes	  exists	  along	  the	  estuary.	  The	  lower	  
reach,	  nearest	  the	  mouth	  of	  the	  estuary,	  showed	  the	  two-­‐layer	  subtidal	  circulation	  commonly	  
associated	  with	  density	  driven	  flow,	  while	  the	  mid-­‐	  and	  upper	  reaches	  showed	  laterally	  sheared	  
flow	  patterns.	  More	  interesting	  still,	  the	  mid-­‐reach	  exhibited	  the	  laterally	  sheared	  flow	  regime	  
expected	  of	  a	  short	  channel	  (inflow	  in	  channel	  and	  outflow	  over	  shoals),	  while	  the	  upper	  reach’s	  
regime	  reversed	  to	  that	  which	  is	  expected	  of	  a	  long	  channel	  (inflow	  over	  shoals	  and	  outflow	  in	  
channel).	  The	  mechanisms	  creating	  the	  observed	  longitudinal	  variability	  in	  subtidal	  flow	  regime	  
are	  understood	  via	  a	  comprehensive	  examination	  of	  the	  tidal	  and	  subtidal	  dynamics	  of	  velocity	  
and	  density,	  an	  analysis	  of	  the	  dominant	  signals	  producing	  the	  subtidal	  flows	  using	  an	  empirical	  
orthogonal	  function	  (EOF)	  analysis,	  comparison	  with	  an	  analytical	  density	  driven	  flow	  model,	  
and	  finally	  a	  review	  of	  the	  subtidal	  momentum	  balance.	  	  
A	  complete	  description	  of	  the	  study	  site	  is	  given	  first,	  as	  the	  analysis	  techniques	  were	  
largely	  selected	  to	  fit	  the	  specific	  conditions	  observed	  in	  the	  estuary.	  A	  brief	  overview	  of	  the	  
data	  collection	  and	  processing	  techniques	  is	  given	  before	  describing	  the	  three	  analyses	  we	  use	  
to	  provide	  insight	  into	  the	  subtidal	  dynamics	  of	  the	  system.	  Each	  analysis	  method	  was	  utilized	  in	  
all	  reaches	  of	  the	  Damariscotta	  River	  during	  spring	  and	  neap	  tides	  in	  both	  dry	  (low	  river	  
discharge)	  and	  wet	  (high	  river	  discharge)	  seasons.	  The	  effects	  of	  the	  most	  important	  physical	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estuarine	  features	  are	  described	  in	  relation	  to	  their	  relative	  contribution	  to	  the	  subtidal	  
momentum	  balance.	  The	  results	  allow	  us	  to	  make	  predictions	  of	  how	  rising	  seas	  may	  affect	  the	  
balance	  of	  mechanisms	  that	  control	  dynamical	  processes	  in	  the	  estuary.	  
3.3	  Methods	  
3.3.1	  Study	  site:	  Damariscotta	  River	  estuary	  
	   The	  Damariscotta	  River	  is	  characterized	  by	  a	  complex	  bathymetry,	  which	  varies	  
significantly	  between	  mouth	  and	  head.	  Multiple	  constrictions,	  bends,	  and	  bathymetries	  make	  it	  
convenient	  to	  separate	  the	  river	  into	  3	  characteristic	  reaches	  (Figure	  3.1).	  Along	  estuary,	  depth	  
decreases	  significantly,	  from	  ~40	  m	  at	  the	  mouth	  to	  ~2	  m	  at	  the	  head.	  Because	  of	  the	  glacial	  
origins	  of	  the	  estuary,	  a	  number	  of	  sills	  appear	  throughout,	  resulting	  in	  a	  non-­‐linear	  decrease	  in	  
mean	  depth	  along	  estuary.	  A	  semi-­‐rectangular	  bed	  is	  found	  in	  the	  lower-­‐reach	  and	  transitions	  to	  
a	  channel-­‐shoal	  morphology	  in	  the	  mid-­‐	  and	  upper-­‐reaches.	  Depth	  is	  between	  20	  and	  38	  m	  in	  
the	  lower	  reach,	  which	  is	  generally	  maintained	  through	  the	  mid-­‐reach	  channel,	  but	  decreases	  to	  
a	  maximum	  of	  ~7m	  in	  the	  upper	  reach	  channel	  and	  ~2	  m	  over	  the	  shoals.	  Characteristic	  
bathymetries	  of	  the	  three	  reaches	  are	  shown	  in	  Figure	  3.2.	  The	  river	  is	  approximately	  30	  km	  
long	  from	  the	  dam	  in	  the	  town	  of	  Damariscotta	  to	  its	  mouth,	  classifying	  it	  as	  short	  compared	  to	  
the	  tidal	  wave	  number	  (kL	  ~	  0.35).	  Over	  the	  length	  of	  the	  estuary,	  the	  main	  channel	  experiences	  
multiple	  bends,	  constrictions,	  and	  sills	  and	  intermittently	  exhibits	  channel	  bifurcation	  in	  the	  
upper	  reach.	  
	   The	  estuary	  is	  forced	  by	  semi-­‐diurnal,	  3.4	  m	  spring	  tides	  (2.2	  m	  neap	  tides)	  and	  minimal	  
freshwater	  discharge,	  observed	  to	  be	  between	  0.1	  and	  12	  m3/s	  during	  dry	  and	  wet	  seasons	  of	  
2016.	  As	  such,	  the	  river	  is	  classified	  as	  well	  mixed	  during	  the	  dry	  season	  (Fall)	  and	  periodically	  
stratified	  during	  the	  wet	  season	  (Spring)	  when	  weak,	  periodic	  stratification	  occurs	  with	  top-­‐
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bottom	  differences	  as	  large	  as	  3	  kg/m3.	  Harmonic	  analysis	  revealed	  a	  maximum	  tidal	  current	  
amplitude	  of	  ~0.55	  m/s,	  and	  all	  other	  along	  channel	  velocities	  were	  seen	  to	  be	  ≤	  0.7	  m/s.	  
3.3.2	  Data	  collection	  
	   Eight	  ~13	  h	  field	  campaigns	  were	  conducted	  during	  neap	  and	  spring	  tides	  in	  September	  
2016	  and	  April,	  May,	  and	  June	  2017.	  A	  1200	  kHz	  RDI	  Acoustic	  Doppler	  Current	  Profiler	  (ADCP)	  
 
 
Figure	  3.1.	  Study	  area,	  2.	  Map	  and	  satellite	  images	  for	  
Damariscotta	  River,	  showing	  extent	  of	  (A)	  lower,	  (B)	  mid-­‐,	  and	  
(C)	  upper	  reaches.	  Transect	  locations	  within	  each	  reach	  
marked	  by	  red	  circles.	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was	  towed	  across	  estuary	  to	  collect	  horizontal	  current	  velocity	  measurements	  in	  50	  cm	  vertical	  
bins.	  Two	  transects	  were	  performed	  ~1	  km	  apart	  (in	  the	  along	  channel	  direction)	  in	  each	  reach	  	  
to	  resolve	  longitudinal	  advective	  terms	  during	  the	  wet	  season	  experiments.	  A	  Rockland	  Scientific	  
MicroCTD	  microstructure	  profiler	  was	  used	  to	  collect	  vertical	  profiles	  of	  temperature,	  
   
   
 
Figure	  3.2.	  Three	  survey	  areas	  in	  the	  Damariscotta	  River,	  2.	  Survey	  sites	  (top	  row),	  landward	  
bathymetric	  cross	  sections	  (middle	  row),	  and	  seaward	  bathymetric	  cross	  sections	  (bottom	  
row)	  for	  the	  lower	  (left	  column),	  mid-­‐	  (middle	  column),	  and	  upper	  (right	  column)	  reaches.	  
Approximate	  distance	  across	  estuary	  in	  m.	  Microstructure	  deployment	  stations	  across	  estuary	  
numbered	  1-­‐4;	  marked	  by	  red	  circles	  in	  bathymetric	  cross	  sections.	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conductivity,	  turbidity,	  chlorophyll,	  and	  velocity	  shear.	  The	  MicroCTD	  was	  deployed	  at	  four	  
stations	  across	  estuary	  (Figure	  3.2),	  profiling	  approximately	  over	  the	  channel	  and	  shoals	  in	  
descending	  mode	  in	  the	  lower	  and	  mid-­‐reaches	  and	  in	  ascending	  mode	  in	  the	  upper	  reach.	  
MicroCTD	  deployments	  consisted	  of	  3-­‐7	  individual	  casts,	  summing	  to	  approximately	  10	  minutes	  
of	  profiling	  time	  per	  station.	  Transects	  of	  horizontal	  current	  and	  hydrographic	  data	  were	  
collected	  hourly	  across	  the	  estuary,	  completing	  2	  cross-­‐sections	  with	  the	  ADCP	  (one	  landward	  
and	  one	  seaward	  in	  each	  reach)	  and	  profiling	  for	  ~10	  min	  per	  station	  with	  the	  MicroCTD.	  A	  
minimum	  of	  1	  transect	  per	  hour	  was	  necessary	  to	  resolve	  the	  semidiurnal	  tide.	  Simultaneous	  
transects	  were	  performed	  around	  an	  oyster	  farm	  in	  the	  upper-­‐reach	  with	  both	  ADCP	  and	  
MicroCTD	  instruments,	  resulting	  in	  ten	  effective	  data	  sets	  for	  the	  eight	  field	  campaigns.	  	  
During	  the	  wet	  season,	  two	  additional	  CT	  (conductivity-­‐temperature)	  sensors	  were	  
deployed	  1	  m	  below	  the	  surface	  at	  the	  mouth	  and	  between	  the	  lower	  and	  mid-­‐reaches	  to	  
resolve	  along-­‐channel,	  surface	  density	  gradients.	  During	  the	  dry	  season,	  density	  was	  collected	  
along	  the	  channel	  using	  measurements	  from	  a	  University	  of	  Maine	  buoy	  stationed	  at	  the	  estuary	  
mouth,	  which	  collected	  density	  measurements	  at	  2,	  10,	  and	  20	  m	  depth.	  
3.3.3	  Data	  processing	  
	   ADCP	  data	  was	  first	  rotated	  from	  its	  N-­‐S	  and	  E-­‐W	  directions	  to	  align	  with	  the	  principal	  
along-­‐	  and	  across-­‐channel	  directions.	  Transects	  were	  then	  interpolated	  onto	  a	  regular	  grid	  with	  
a	  representative	  bathymetry	  in	  0.5	  m	  bins	  in	  the	  lower	  and	  mid-­‐reaches,	  and	  0.25	  m	  bins	  in	  the	  
upper	  reach.	  Depths	  range	  from	  10	  to	  32	  m,	  5	  to	  26	  m,	  and	  1.5	  to	  9.5	  m	  in	  the	  lower,	  mid-­‐,	  and	  
upper	  reaches,	  respectively.	  The	  datasets	  resulted	  in	  11-­‐20	  repetitions	  of	  along-­‐	  and	  across-­‐
channel	  velocities.	  	  
	   The	  MicroCTD	  was	  equipped	  with	  2	  shear	  probes,	  1	  thermistor,	  1	  conductivity	  probe,	  
JAC	  Fluorometer	  and	  JAC	  Turbidity	  sensors,	  and	  a	  high-­‐resolution	  pressure	  sensor	  all	  sampling	  at	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512	  Hz.	  The	  instrument	  also	  was	  equipped	  with	  a	  JAC	  CT	  (conductivity	  and	  temperature)	  sensor	  
sampling	  at	  64Hz.	  The	  high-­‐resolution	  temperature-­‐	  and	  conductivity-­‐probes	  data	  were	  
dynamically	  calibrated	  to	  the	  accurate	  JAC	  CT	  sensor	  measurements.	  Measurements	  were	  bin	  
averaged	  into	  uniform	  grid	  of	  0.01	  m	  and	  individual	  casts	  were	  averaged	  at	  each	  station	  over	  
the	  ~10	  min	  sampling	  window.	  Resulting	  data	  profiles	  were	  then	  interpolated	  into	  bins	  that	  
match	  ADCP	  bin	  sizes	  in	  each	  respective	  reach.	  	  
	   Subtidal	  values	  of	  along-­‐	  and	  across-­‐channel	  current	  velocities,	  density,	  and	  momentum	  
balance	  terms	  were	  calculated	  using	  a	  least-­‐squares	  harmonic	  analysis.	  Grid	  data	  was	  first	  
nondimensionalized	  to	  remove	  variability	  in	  column	  height	  from	  tidally	  varying	  depth.	  Then,	  the	  
harmonic	  analysis	  was	  performed	  on	  the	  nondimensional	  grid	  to	  the	  dominant	  M2	  tidal	  
constituent	  and	  then	  re-­‐dimensionalized	  to	  the	  mean	  cross-­‐section	  bathymetry.	  
3.3.4	  EOF	  analysis	  
	   The	  method	  of	  empirical	  orthogonal	  function	  (EOF)	  analysis	  allows	  for	  the	  
decomposition	  of	  a	  signal	  into	  dominant	  modes,	  by	  solving	  for	  a	  new	  set	  of	  variables	  that	  
captures	  the	  majority	  of	  the	  variance	  of	  the	  original	  signal.	  This	  process	  allows	  the	  user	  to	  
identify	  the	  underlying	  patterns	  that	  work	  together	  to	  create	  the	  observed	  dynamics.	  After	  the	  
tidally	  varying	  primary,	  secondary	  modes,	  and	  combination	  of	  primary	  and	  secondary	  modes	  are	  
identified,	  the	  same	  harmonic	  analysis	  procedure	  described	  above	  is	  used	  to	  determine	  the	  
subtidal	  structure	  of	  the	  dominant	  signals.	  Results	  are	  shown	  for	  the	  characteristic	  mean	  
bathymetry	  corresponding	  to	  each	  reach.	  
As	  other’s	  attest	  (e.g.	  Monahan	  et	  al.,	  2009),	  care	  must	  be	  taken	  when	  interpreting	  the	  
results	  of	  an	  EOF	  analysis	  as	  EOF	  modes	  do	  not	  necessarily	  correspond	  to	  individual	  dynamical	  
processes,	  nor	  are	  they	  necessarily	  statistically	  independent	  of	  other	  modes.	  As	  such,	  the	  results	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of	  the	  EOF	  decomposition	  are	  paired	  with	  results	  of	  an	  analytical	  model	  and	  subtidal	  
momentum	  balance	  to	  support	  the	  general	  characteristics	  observed	  in	  the	  dominant	  modes.	  
3.3.5	  Analytical	  model	  	  
An	  analytical	  model	  used	  in	  Valle-­‐Levinson	  (2008)	  is	  applied	  to	  the	  various	  Damariscotta	  
River	  bathymetries,	  tidal	  and	  hydrographic	  characteristics	  to	  model	  idealized	  density	  driven	  
flow.	  The	  model	  considers	  the	  along-­‐	  and	  across-­‐channel	  momentum	  balance	  equations,	  
neglecting	  advective	  terms	  and	  local	  accelerations,	  to	  give	  
	   −𝑓𝑣 =   −𝑔 !"!" − !!! !"!" 𝑧 + 𝐴! !!!!!!	  ,	   Eq.	  3.1	  
	   𝑓𝑢 =   −𝑔 !"!" − !!! !"!" 𝑧 + 𝐴! !!!!!!	  ,	   Eq.	  3.2	  
where	  u	  and	  v	  are	  horizontal	  velocities	  in	  the	  along-­‐	  and	  across-­‐channel	  directions,	  x,	  y,	  and	  z	  
are	  the	  corresponding	  along-­‐,	  across-­‐	  and	  vertical-­‐coordinate-­‐directions,	  f	  is	  the	  Coriolis	  
parameter,	  g	  is	  gravity,	  𝜂	  is	  the	  free	  surface	  elevation,	  𝜌	  is	  density,	  and	  𝐴!	  is	  the	  vertical	  eddy	  
viscosity.	  Note	  that	  vertical	  eddy	  viscosity,	  𝐴!	  is	  held	  constant	  to	  simplify	  the	  equation.	  From	  
Eqns.	  3.1	  and	  3.2,	  we	  solve	  for	  the	  complex	  velocity,	  𝑤 =   𝑢 + 𝑖𝑣,	  where	  𝑖	  is	  the	  complex	  
number	   −1.	  This	  then	  gives,	  
	   𝑤 =   𝑔𝑁𝐹! + 𝐹!,	   Eq.	  3.3	  
which	  includes	  contributions	  from	  barotropic	  (𝐹!)	  and	  baroclinic	  (𝐹!)	  gradients.	  Note,	  𝐹!	  and	  𝐹!	  
are	  dependent	  on	  vertical	  position	  𝑧.	  𝐹!	  and	  𝐹!	  are	  given	  as	  
	   	   	  
	   𝐹! =    !! [1 −    !"#$  (!")!"#$  (!!!)],	   Eq.	  3.4	  
	   𝐹! =    !"!" [(𝑒!" − 𝛼𝑧) − (𝑒!!!! −   𝛼𝐻!)    !"#$  (!")!"#$  (!!!)].	   Eq.	  3.5	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Variables	  𝑁,	  𝐻!,	  and	  𝐷	  are	  the	  sea	  surface	  slope,	  the	  bathymetric	  variation	  across	  estuary,	  and	  a	  
constant	  density	  gradient,	  respectively.	  The	  real	  and	  imaginary	  parts	  of	  Eq.	  3.3	  represent	  
velocities	  in	  streamwise	  and	  stream-­‐normal	  directions.	  
3.3.6	  Momentum	  balance	  
	   Based	  on	  the	  sampling	  scheme,	  the	  resolvable	  terms	  of	  the	  along-­‐channel	  momentum	  
balance	  were	  calculated	  for	  each	  dataset	  using	  the	  along	  channel	  (x-­‐direction)	  form	  of	  the	  
Navier	  Stokes	  Equation	  
	  
!"!" + 𝑢 !"!" + 𝑣 !"!" = − !"! + 𝑓𝑣 − 𝑔 !"!" − !!! !"!" 𝑑𝑧!! + !!" 𝐴! !"!" ,	   Eq.	  3.6	  
where	  variables	  are	  as	  previously	  defined,	  t	  is	  time,	  and	  R	  is	  radius	  of	  curvature	  of	  the	  channel.	  
Here,	  note	  that	  the	  vertical	  eddy	  viscosity	  varies	  spatially.	  Baroclinic	  terms	  were	  calculated	  for	  
the	  full	  water	  column	  during	  the	  dry	  season,	  at	  the	  surface	  during	  the	  wet	  season	  in	  the	  lower	  
and	  mid-­‐reach,	  and	  for	  the	  full	  column	  in	  the	  upper	  reach.	  Baroclinic	  and	  friction	  terms	  were	  
quantifiable	  at	  each	  of	  the	  four	  MicroCTD	  stations	  while	  other	  acceleration	  terms	  were	  available	  
everywhere.	  Bottom	  friction	  was	  quantified	  using	  a	  parameterization	  of	  bottom	  stress,	  𝜏 =   𝜌𝐶! 𝑢 𝑢,	  where	  𝐶! 	  is	  a	  constant	  drag	  coefficient	  assumed	  to	  be	  0.0025.	  Along-­‐channel	  
advection	  was	  available	  for	  the	  wet	  season	  when	  landward	  and	  seaward	  transects	  of	  horizontal	  
current	  velocities	  were	  performed.	  This	  term	  cannot	  be	  calculated	  during	  the	  dry	  season.	  	  
	   The	  subtidal	  components	  of	  each	  term	  were	  calculated	  using	  the	  aforementioned	  least-­‐
squares	  harmonic	  analysis	  procedure.	  Results	  were	  finally	  depth	  and	  cross	  sectionally	  averaged	  
to	  quantify	  subtidal	  dynamics	  in	  each	  reach	  with	  a	  single	  representative	  value	  of	  the	  forcing	  
mechanisms.	  
3.4	  Results	  
	   The	  following	  sections	  describe	  observations	  and	  momentum	  balance	  results	  from	  the	  
eight	  field	  campaigns	  on	  the	  Damariscotta	  River.	  First,	  the	  observed	  along-­‐	  and	  across-­‐channel	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flow	  features	  are	  described	  on	  tidal	  and	  subtidal	  scales.	  As	  the	  river	  experiences	  longitudinally	  
varying	  tidal	  and	  subtidal	  patterns,	  these	  subsections	  are	  broken	  up	  to	  separately	  discuss	  lower,	  
mid-­‐,	  and	  upper	  reaches.	  Note,	  these	  results	  are	  discussed	  as	  if	  the	  observer	  were	  standing	  at	  
the	  mouth,	  looking	  into	  the	  estuary;	  because	  the	  channel	  is	  not	  always	  oriented	  N-­‐S,	  left	  and	  
right	  sides	  of	  the	  channel	  are	  referred	  to	  as	  such,	  rather	  than	  as	  ‘west’	  and	  ‘east’.	  Variation	  in	  
the	  observed	  subtidal	  flows	  is	  presented	  alongside	  results	  of	  an	  EOF	  analysis	  that	  identified	  the	  
dominant	  modes	  of	  flow	  in	  all	  three	  reaches.	  An	  analytical	  model	  describing	  density-­‐driven	  
subtidal	  flow	  is	  used	  to	  identify	  reaches	  dominated	  by	  this	  forcing.	  Finally,	  the	  subtidal	  
momentum	  balance	  is	  given	  to	  emphasize	  the	  dominant	  terms	  and	  connect	  the	  observed	  
patterns	  with	  the	  dynamical	  balance.	  	  
3.4.1	  Tidal	  flow	  
Lower	  reach	  –	  Tidal	  flow	  in	  the	  lower	  reach	  of	  the	  Damariscotta	  is	  generally	  
characterized	  by	  flood	  and	  ebb	  phases	  of	  the	  tide	  that	  occupy	  the	  entire	  cross	  section,	  showing	  
~1.5	  –	  2	  hours	  of	  transition	  between	  flood	  and	  ebb.	  Near	  the	  end	  of	  flood,	  seaward	  velocities	  
first	  appear	  on	  the	  left	  flank	  and	  progress	  to	  the	  right.	  Alternatively,	  near	  the	  end	  of	  ebb,	  
landward	  velocities	  first	  appear	  near	  the	  bottom	  and	  progress	  towards	  the	  surface.	  Maximum	  
velocities	  between	  flood	  and	  ebb	  are	  most	  similar	  in	  this	  reach;	  peak	  ebb	  velocities	  appear	  at	  
the	  surface,	  flood	  velocities	  at	  depth.	  Depth-­‐averaged	  velocities	  from	  the	  landward	  transect	  is	  
presented	  along-­‐side	  density	  for	  spring	  and	  neap	  tides	  in	  Figure	  3.3.	  The	  laterally	  sheared	  
distribution	  that	  occurs	  during	  the	  flood-­‐to-­‐ebb	  transition	  is	  prominent	  in	  the	  seaward	  transect,	  
shown	  in	  Figure	  3.4.	  	  
Mid-­‐reach	  –	  The	  mid-­‐reach	  exhibits	  longer,	  relatively	  weak	  ebb	  phases	  and	  short,	  but	  
strong	  flood	  phases	  during	  the	  dry	  season	  (Figure	  3.3).	  Flow	  through	  this	  reach	  was	  laterally	  
sheared	  during	  flood,	  with	  landward	  flow	  appearing	  full	  column	  over	  the	  main	  channel	  (right	  	  







Figure	  3.3.	  Depth-­‐averaged	  flow	  and	  density.	  Depth-­‐averaged	  along	  channel	  flow	  and	  corresponding	  density	  
in	  the	  (a,	  f)	  lower,	  (b,	  g)	  (dry	  season)	  mid-­‐,	  (c,	  h)	  (wet	  season)	  mid-­‐,	  and	  (d,	  e,	  i,	  j)	  upper	  reaches	  during	  
spring	  (left)	  and	  neap	  (right)	  tides.	  Positive	  (red)	  velocities	  indicate	  landward	  flow,	  negative	  (blue)	  velocities	  
indicate	  seaward	  flow.	  Blank	  areas	  in	  density	  contours	  correspond	  to	  times	  when	  depth	  was	  too	  shallow	  for	  
deployment.	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side)	  and	  seaward	  over	  the	  left	  shoal.	  Unlike	  the	  lower	  reach,	  seaward	  velocities	  occur	  during	  
flood	  and	  ebb	  phases.	  Maximum	  flood	  velocities	  appear	  mid-­‐depth	  in	  the	  main	  channel;	  peak	  
ebb	  velocities	  appear	  over	  the	  left	  shoal.	  During	  the	  wet	  season,	  two	  transects	  were	  performed	  
in	  the	  mid-­‐reach,	  the	  second	  located	  1	  km	  landward	  of	  the	  dry	  season	  location.	  Wet	  season	  tidal	  
flow	  in	  the	  mid-­‐reach	  differs	  considerably	  between	  the	  landward	  and	  seaward	  transects.	  The	  
seaward	  transect	  showed	  many	  of	  the	  same	  characteristics	  as	  the	  dry	  season,	  with	  a	  laterally	  
sheared	  flood	  and	  full	  cross-­‐section	  ebb	  (Figure	  3.3).	  Peak	  landward	  velocities	  occurred	  mid-­‐
depth	  over	  the	  main	  channel	  and	  peak	  seaward	  velocities	  at	  the	  surface.	  The	  landward	  transect	  
exhibits	  full	  cross-­‐section	  flood	  and	  ebb	  phases,	  appearing	  much	  more	  similar	  to	  the	  tidal	  
dynamics	  of	  the	  lower	  reach	  (Figure	  3.4).	  
The	  mid-­‐reach	  is	  heavily	  affected	  by	  the	  Glidden	  ledges	  constriction,	  located	  1	  km	  




Figure	  3.4.	  Depth-­‐averaged	  flow	  for	  second	  lower	  and	  middle	  transects.	  
Depth-­‐averaged	  along	  channel	  flow	  in	  the	  second	  wet	  season	  transects	  
in	  lower	  (top)	  and	  mid-­‐reach	  (bottom)	  during	  spring	  (left)	  and	  neap	  
(right)	  tides.	  Positive	  (red)	  velocities	  indicate	  landward	  flow,	  negative	  
(blue)	  velocities	  indicate	  seaward	  flow.	  Blank	  areas	  correspond	  to	  times	  
when	  no	  velocity	  data	  was	  available.	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tide	  as	  the	  flow	  is	  diverted	  through	  the	  constricted	  headland	  and	  immediately	  into	  a	  bend	  of	  
opposite	  curvature.	  The	  flow	  then	  circulates	  as	  a	  large	  gyre	  in	  the	  relatively	  deep	  basin	  
(Lieberthal	  et	  al.,	  [in	  review]).	  This	  gyre	  results	  in	  the	  laterally	  sheared	  flood	  phase,	  with	  
landward	  flow	  over	  the	  main	  channel,	  and	  seaward	  flow	  over	  the	  shoal.	  The	  upper	  transect,	  2	  
km	  landward	  of	  the	  constriction,	  does	  not	  appear	  to	  be	  affected	  by	  this	  feature.	  Here,	  flood	  and	  
ebb	  flows	  occur	  across	  the	  entire	  cross	  section.	  
Upper	  reach	  –	  The	  two	  transects	  collected	  in	  the	  upper	  reach	  are	  similar	  in	  their	  main	  
channel	  depth	  and	  morphological	  shape	  (channel-­‐shoal),	  but	  differ	  by	  their	  cross-­‐estuary	  
location	  of	  maximum	  depth	  (Figure	  3.2).	  The	  seaward	  transect	  features	  the	  main	  channel	  on	  the	  
right	  (with	  significant	  shoals	  to	  the	  left	  and	  further	  right;	  right	  shoals	  too	  shallow	  for	  ADCP	  
profiling	  and	  are	  not	  shown)	  while	  the	  landward	  transect	  features	  the	  main	  channel	  on	  the	  left,	  
a	  smaller	  secondary	  channel	  near	  the	  center-­‐right,	  and	  additional	  shoals	  further	  right	  still.	  In	  
other	  words,	  the	  main	  channel	  curves	  from	  the	  right	  (seaward	  transect)	  to	  the	  left	  (landward	  
transect).	  Landward	  of	  the	  landward	  transect,	  another	  curve	  in	  the	  main	  channel	  appears	  in	  the	  
opposite	  direction.	  
The	  seaward	  transect	  experiences	  similar	  velocity	  magnitudes	  in	  flood	  and	  ebb	  phases,	  
with	  maximum	  ebb	  velocities	  at	  the	  surface	  of	  the	  main	  channel	  and	  maximum	  flood	  velocities	  
near	  the	  channel	  shoal	  interface	  (Figure	  3.3).	  Patterns	  are	  similar	  for	  the	  landward	  transect,	  
though	  maximum	  ebb	  velocities	  occur	  full	  column	  over	  the	  main	  channel.	  Between	  ebb	  and	  
flood	  over	  the	  shoals,	  the	  water	  depth	  increases	  from	  2	  m	  to	  4	  m	  at	  the	  seaward	  transect	  and	  
from	  2	  m	  to	  5	  m	  at	  the	  landward	  transect.	  This	  results	  in	  more	  water	  flowing	  over	  the	  shoals	  
during	  flood	  due	  to	  the	  increased	  volume	  of	  water.	  An	  added	  complexity	  for	  the	  landward	  
transect	  is	  another	  constriction	  at	  Hog	  Island,	  located	  ~0.75	  km	  landward	  of	  the	  transect.	  This	  
constriction	  becomes	  intratidally	  important	  due	  to	  significant	  tidal	  flats	  over	  the	  right	  side	  of	  the	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estuary.	  During	  flood,	  depth	  over	  the	  shoals	  adjacent	  to	  the	  constriction	  becomes	  sufficient	  to	  
allow	  for	  significant	  flow	  across	  the	  entire	  estuary	  cross-­‐section,	  however,	  during	  ebb	  the	  depth	  
is	  generally	  limited	  over	  the	  shoals	  with	  some	  areas	  becoming	  completely	  exposed.	  This	  
characteristic	  results	  in	  concentrated	  ebb	  flow	  through	  the	  constriction,	  which	  then	  funnels	  
directly	  into	  the	  main	  channel	  of	  the	  upper	  transect.	  The	  strongest	  ebb	  velocities	  remain	  over	  
the	  main	  channel	  between	  the	  two	  transects,	  but	  the	  curvature	  of	  the	  channel	  directs	  the	  
strongest	  ebb	  flow	  from	  left	  (landward	  transect)	  to	  right	  (seaward	  transect)	  sides	  of	  the	  estuary.	  
A	  0.65	  km	  long	  oyster	  farm	  lies	  between	  the	  upper	  and	  lower	  transects	  over	  the	  left	  
shoal,	  extending	  150	  m	  maximum	  across	  estuary.	  Liu	  et	  al.,	  (in	  prep.)	  showed	  that	  the	  farm	  
accelerates	  flow	  beneath	  the	  oyster	  cages	  during	  flood	  and	  redirects	  flow	  around	  the	  farms	  
during	  ebb.	  The	  culmination	  of	  increased	  volume	  of	  water	  and	  flow	  acceleration	  beneath	  the	  
farms	  leads	  to	  the	  observed	  peak	  flood	  velocities	  over	  the	  shoals	  and	  near	  the	  channel-­‐shoal	  
interface.	  Similarly,	  the	  funneling	  effect	  of	  ebb	  flow	  and	  the	  redirection	  of	  water	  around	  the	  
oyster	  cages	  build	  upon	  one	  another	  to	  create	  peak	  ebb	  flow	  over	  the	  main	  channel.	  
3.4.2	  Subtidal	  flow	  and	  EOF	  analysis	  
	   	  Lower	  reach	  –	  Subtidal	  flow	  in	  the	  lower	  reach	  is	  vertically	  and	  laterally	  sheared	  at	  the	  
seaward	  transect	  and	  vertically	  sheared	  at	  the	  landward	  transect	  (Figs.	  3.5a,	  3.5b).	  The	  two-­‐
layer	  circulation,	  with	  outflow	  at	  the	  surface	  and	  inflow	  at	  depth,	  is	  characteristic	  of	  estuaries	  
dominated	  by	  baroclinic	  forcing.	  EOF	  analysis	  in	  this	  reach	  showed	  a	  dominant	  mode	  that	  
mimics	  the	  observed	  subtidal	  flow,	  accounting	  for	  34%	  and	  21%	  of	  the	  total	  variance	  in	  the	  
seaward	  and	  landward	  transects.	  A	  weaker	  secondary	  mode	  accounted	  for	  ~15	  %	  of	  variance	  
and	  showed	  little	  coherence	  between	  spring	  and	  neap	  tides.	  The	  laterally	  sheared	  pattern	  in	  the	  
landward	  transects	  secondary	  mode	  (not	  shown)	  may	  be	  an	  effect	  of	  a	  slight	  bend	  located	  just	  
upstream.	  The	  first	  mode	  adequately	  reproduces	  observed	  dynamics	  alone	  in	  the	  seaward	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Figure	  3.5.	  Subtidal	  EOF.	  Subtidal	  along	  channel	  flow	  and	  EOF	  results	  for	  Modes	  1+2,	  Mode	  1,	  and	  Mode	  2	  
for	  the	  (a,	  b)	  lower,	  (c,	  d)	  mid-­‐,	  and	  (e,	  f)	  upper	  reaches.	  Seaward	  transects	  (left)	  and	  landward	  transects	  
(right)	  from	  each	  reach	  are	  shown	  for	  wet	  season	  spring	  tides.	  Positive	  values	  (red)	  indicate	  landward	  
velocities	  and	  negative	  (blue)	  values	  indicate	  seaward	  velocities.	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transect,	  but	  the	  EOF	  failed	  to	  represent	  the	  subtidal	  dynamics	  at	  the	  landward	  transect.	  While	  
along-­‐channel	  density	  gradients	  are	  weak	  in	  this	  reach	  of	  the	  estuary,	  classical	  two-­‐layer	  
circulation	  is	  observed,	  supporting	  density	  driven	  subtidal	  flow.	  In	  other	  reaches,	  channel	  
complexity	  introduces	  other	  mechanisms,	  modifying	  this	  shape.	  
	   Mid	  reach	  –	  Subtidal	  flow	  at	  the	  seaward	  transect	  in	  the	  mid-­‐reach	  exhibits	  a	  mix	  of	  
laterally	  and	  vertically	  sheared	  subtidal	  flow	  structure	  during	  the	  wet	  season	  (Figure	  3.5c),	  and	  
purely	  laterally	  sheared	  during	  the	  dry	  season	  (Figure	  3.6).	  Channel-­‐shoal	  morphology	  promotes	  
laterally	  sheared	  flow,	  with	  inflow	  over	  the	  main	  channel	  and	  outflow	  at	  the	  surface	  and	  over	  
the	  shoals;	  Li	  and	  O’Donnell	  (2005)	  showed	  this	  occurs	  in	  short,	  well-­‐mixed,	  tidally	  driven	  
systems,	  and	  Arnott	  et	  al.,	  (2015)	  showed	  this	  pattern	  existed	  in	  the	  highly	  frictional	  	  
Hillsborough	  Bay.	  In	  the	  mid-­‐reach	  of	  the	  Damariscotta	  River,	  though	  both	  frictional	  and	  tidally	  






Figure	  3.6.	  Subtidal	  EOF	  for	  dry	  season.	  Same	  as	  Figure	  3.5,	  but	  for	  
mid-­‐reach,	  dry	  season,	  (a)	  spring	  and	  (b)	  neap	  tides.	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curvature	  and	  flow	  around	  a	  headland	  (Lieberthal	  et	  al.,	  (in	  review)).	  During	  the	  dry	  season,	  the	  
channel	  curvature	  dominates	  subtidal	  flow;	  the	  laterally	  sheared	  pattern	  is	  very	  apparent	  and	  
consistent	  with	  the	  first	  mode	  of	  the	  EOF	  analysis,	  accounting	  for	  72-­‐83%	  of	  total	  variability.	  
During	  the	  wet	  season,	  baroclinic	  density	  gradients	  compete	  with	  the	  rotating	  gyre	  in	  the	  mid	  
reach,	  resulting	  in	  a	  mixed	  laterally	  and	  vertically	  sheared	  subtidal	  flow	  pattern;	  the	  first	  mode	  
of	  the	  EOF	  analysis	  again	  reveals	  the	  laterally	  sheared	  pattern,	  but	  the	  second	  mode	  now	  
identifies	  the	  two-­‐layer	  flow	  expected	  in	  gravitational	  circulation.	  This	  difference	  in	  the	  second	  
mode	  is	  suggestive	  of	  the	  seasonal	  change	  in	  density	  gradients	  that	  river	  discharge	  provides	  
during	  the	  wet	  season.	  Modes	  one	  and	  two	  combined	  capture	  the	  essence	  of	  the	  subtidal	  flow	  
pattern	  (between	  50	  and	  80%	  of	  variability),	  indicating	  that	  the	  mechanisms	  controlling	  them	  
account	  for	  the	  bulk	  of	  observed	  flows	  in	  this	  reach.	  	  
The	  landward	  transect	  in	  this	  reach	  shows	  only	  two-­‐layer	  circulation	  on	  a	  subtidal	  scale	  
(Figure	  3.5d).	  As	  we	  also	  observed	  in	  the	  depth-­‐averaged	  tidal	  results,	  the	  effects	  of	  the	  
constriction	  appear	  to	  degrade	  significantly	  between	  the	  seaward	  and	  landward	  transects	  in	  this	  
reach.	  The	  EOF	  analysis	  again	  reveals	  two	  dominant	  modes,	  the	  two-­‐layer	  structure	  now	  
dominates	  as	  mode	  one	  while	  the	  laterally	  sheared	  structure	  is	  found	  secondary.	  At	  this	  transect	  
location,	  the	  first	  mode	  is	  alone	  capable	  of	  adequately	  reproducing	  the	  observed	  subtidal	  flow	  in	  
this	  reach.	  
	   Upper	  reach	  –	  Subtidal	  flow	  in	  the	  upper	  reach	  is	  also	  found	  to	  exhibit	  the	  laterally	  
sheared	  pattern,	  but	  locations	  of	  outflow	  and	  inflow	  reverse	  in	  this	  reach	  with	  outflow	  occurring	  
over	  the	  main	  channel	  and	  inflow	  over	  the	  shoal	  (Figure	  3.5e,	  3.5f).	  Recalling	  tidal	  flow	  in	  this	  
reach,	  increased	  depth	  during	  flood	  allows	  for	  landward	  directed	  flow	  to	  dominate	  over	  the	  
shoals,	  while	  ebb	  flows	  dominates	  in	  the	  main	  channel	  because	  of	  the	  same	  process.	  Additional	  
mechanisms	  are	  discussed	  further	  in	  section	  3.5.	  EOF	  analysis	  in	  this	  reach	  revealed	  seaward	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directed	  primary	  modes,	  strongest	  over	  the	  channel,	  and	  landward	  directed	  dominant	  











Figure	  3.7.	  Density	  driven	  flow	  model.	  Analytical	  model	  results	  
(left),	  observed	  subtidal	  flow	  (middle),	  and	  subtidal	  density	  (right)	  
in	  the	  (a)	  lower,	  (b)	  mid-­‐,	  and	  (d,	  e)	  upper	  reaches	  during	  wet	  
season	  and	  (c)	  mid-­‐reach	  during	  dry	  season.	  Figures	  are	  for	  spring	  
tides	  only.	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instances,	  peak	  seaward	  flow	  velocities	  are	  found	  over	  the	  main	  channel,	  a	  characteristic	  
discussed	  in	  the	  section	  3.5.	  The	  two	  primary	  modes	  combine	  to,	  again,	  capture	  the	  essence	  of	  
the	  observed	  subtidal	  flow,	  but	  fail	  to	  reveal	  any	  mechanisms	  in	  particular	  that	  control	  subtidal	  
flow.	  The	  previously	  discussed	  intratidal	  patterns	  in	  this	  reach	  are	  much	  more	  indicative	  of	  local	  
dynamics.	  
3.4.3	  Analytical	  model	  
	   An	  analytical	  model	  was	  used	  to	  represent	  idealized	  density	  driven	  circulation	  in	  the	  
lower,	  mid-­‐,	  and	  upper	  reaches	  (Figure	  3.7).	  Despite	  the	  model	  neglecting	  advection,	  assuming	  
constant	  friction,	  and	  only	  considering	  a	  straight	  channel,	  all	  of	  which	  are	  characteristics	  found	  
to	  be	  important	  in	  the	  Damariscotta	  River,	  results	  compare	  well	  with	  subtidal	  observations.	  The	  
model	  performs	  best	  at	  the	  landward	  transect	  in	  the	  lower	  (Figure	  3.7a)	  and	  mid-­‐reaches	  (not	  
shown)	  in	  both	  reaches.	  Exceptional	  agreement	  is	  found	  between	  model	  results	  and	  
observations	  of	  subtidal	  flow	  and	  density	  in	  the	  lower	  reach	  and	  mid-­‐reach	  during	  the	  wet	  
season.	  Here,	  the	  isotachs	  and	  isopycnals	  mimic	  one	  another,	  indicating	  that	  despite	  the	  
relatively	  weak	  density	  gradients	  in	  the	  lower	  Damariscotta,	  the	  flow	  may	  likely	  be	  baroclinicly	  
forced.	  Agreement	  is	  also	  found	  at	  the	  upper	  transect	  in	  the	  mid-­‐reach.	  	  
3.4.4	  Momentum	  balance	  
	   The	  results	  of	  the	  moment	  balance	  revealed	  the	  following	  theme:	  barotropic	  pressure	  
gradients	  dominate,	  followed	  by	  advective	  accelerations,	  friction,	  and,	  finally,	  curvature.	  
Specifically,	  lateral	  advection	  dominates	  over	  the	  shoals	  and	  near	  the	  boundaries	  of	  the	  estuary,	  
longitudinal	  advection	  take	  precedence	  in	  the	  main	  channel,	  and	  friction	  is	  observed	  to	  be	  of	  
most	  importance	  over	  the	  shoals	  in	  the	  mid-­‐reach	  and	  everywhere	  in	  the	  upper	  reach.	  Results	  
are	  shown	  for	  subtidal,	  cross-­‐estuary	  and	  depth-­‐averaged	  values.	  Barotropic	  and	  baroclinic	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pressure	  gradients	  are	  known	  to	  dominate	  as	  driving	  mechanisms	  in	  this	  system,	  and	  are	  
omitted	  from	  Figure	  3.8	  for	  brevity.	  	  
Friction	  dominates	  in	  all	  reaches;	  generally	  opposing	  the	  direction	  of	  each	  reaches	  peak	  
tidal	  current	  velocities	  (Figure	  8).	  Longitudinal	  advection	  is	  second	  to	  friction	  in	  the	  lower	  reach,	  
as	  the	  cross	  section	  is	  generally	  rectangular	  and	  relatively	  deep.	  This	  result	  is	  in	  agreement	  with	  
the	  findings	  of	  Li	  and	  O’Donnell	  (2005),	  who	  found	  that	  advection	  was	  strongest	  in	  the	  deepest	  
part	  of	  the	  channel	  near	  the	  estuary	  mouth.	  Unlike	  the	  results	  of	  their	  analytical	  model,	  
however,	  advective	  acceleration	  magnitudes	  increase	  up	  estuary	  in	  the	  Damariscotta	  River.	  The	  
mid-­‐reach	  shows	  longitudinal	  advection	  is	  second	  to	  friction	  in	  the	  main	  channel	  and	  lateral	  
advection	  dominates	  over	  the	  western	  shoal	  (not	  shown).	  In	  the	  upper	  reach,	  friction	  dominates	  
in	  the	  lower	  water	  column	  and	  lateral	  advection	  dominates	  the	  surface	  (not	  shown);	  both	  are	  
found	  to	  increase	  in	  magnitude	  from	  the	  lower	  estuary.	  Longitudinal	  advection	  is	  found	  to	  be	  
tertiary	  to	  friction	  and	  lateral	  advection	  when	  cross	  sectionally	  averaged,	  but	  similar	  to	  lateral	  
advection,	  outweighs	  friction	  at	  the	  surface.	  Curvature	  is	  found	  to	  be	  most	  significant	  in	  the	  mid	  
reach	  in	  the	  along	  channel	  momentum	  balance,	  especially	  during	  the	  dry	  season.	  Its	  effects	  are	  
not	  realized	  in	  this	  balance	  in	  the	  lower	  reach,	  and,	  while	  present,	  are	  also	  not	  very	  significant	  in	  
the	  upper	  reach.	  Considering	  the	  across	  channel	  momentum	  balance	  would	  highlight	  its	  
importance	  to	  lateral	  variability	  in	  flow.	  
3.5	  Discussion	  
Tidal	  and	  subtidal	  patterns	  in	  the	  Damariscotta	  estuary	  indicate	  the	  capacity	  for	  
variability	  within	  a	  single	  system.	  Even	  though	  all	  three	  reaches	  are	  subject	  to	  the	  same	  forcing	  
mechanisms,	  dynamics	  differed	  drastically	  between	  reaches,	  due	  to	  the	  complex	  morphological	  
features,	  and	  between	  seasons,	  due	  to	  the	  changing	  influence	  of	  river	  discharge	  on	  density	  
gradients.	  In	  the	  following	  section,	  spatial	  variability	  is	  discussed	  as	  it	  relates	  to	  local	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morphological	  features.	  First,	  we	  focus	  on	  longitudinal	  bathymetric	  changes,	  constrictions,	  and	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Figure	  3.8.	  Subtidal	  momentum	  balance.	  Cross	  sectionally	  averaged	  subtidal	  
momentum	  balance	  for	  the	  (a)	  lower,	  (b)	  mid-­‐,	  and	  (d,	  e)	  upper	  reaches	  during	  wet	  
season	  and	  (c)	  mid-­‐reach	  during	  dry	  season.	  +/-­‐	  for	  each	  term	  identify	  a	  positive	  or	  
negative	  term.	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3.5.1	  Spatial	  variability	  
3.5.1.1	  Bathymetry	  
Channel	  shape	  is	  perhaps	  the	  most	  obvious	  difference	  along	  the	  Damariscotta	  River.	  In	  
the	  lower	  reach,	  the	  channel	  is	  most	  notably	  deep	  and,	  generally,	  rectangular.	  A	  clear	  difference	  
appears	  between	  the	  shape	  of	  the	  landward	  and	  seaward	  transects	  in	  this	  reach	  (Figure	  3.2),	  but	  
because	  of	  the	  ~20	  –	  30	  m	  depth	  in	  the	  region,	  the	  lower	  reach	  is	  considered	  semi-­‐rectangular	  
as	  opposed	  to	  channel-­‐shoal.	  Because	  of	  its	  larger	  depth,	  bottom	  friction	  was	  least	  resistive	  to	  
the	  mean	  flow	  so	  flood	  and	  ebb	  velocities	  were	  generally	  unaffected.	  In	  the	  mid-­‐reach,	  depth	  in	  
the	  main	  channel	  is	  somewhat	  consistent	  with	  the	  lower	  reach	  but	  a	  channel-­‐shoal	  morphology	  
appears,	  introducing	  added	  bottom	  friction	  higher	  in	  the	  water	  column,	  which,	  consequently,	  
increases	  turbulence	  and	  mixing	  (not	  shown).	  In	  the	  upper	  reach,	  mean	  depth	  approaches	  tidal	  
wave	  height	  and	  significant	  tidal	  flats	  appear	  on	  both	  shores.	  These	  features	  introduce	  two	  
related	  processes:	  volume	  of	  water	  over	  the	  shoals	  significantly	  varies	  between	  flood	  and	  ebb	  
and	  frictional	  effects	  act	  on	  more	  of	  the	  water	  column	  during	  ebb	  than	  flood.	  Mean	  depth	  over	  
the	  shoals	  is	  already	  ~2	  m	  in	  many	  areas,	  so	  a	  large	  area	  of	  the	  estuary	  becomes	  exposed	  during	  
ebb	  and	  around	  low	  tide	  in	  general.	  Because	  flow	  over	  the	  shoals	  only	  significantly	  occurs	  during	  
flood,	  the	  water	  column	  over	  the	  shoals	  on	  the	  subtidal	  scale	  is	  effectively	  ‘saturated’	  by	  the	  
landward-­‐directed	  flows.	  Added	  frictional	  effects	  that	  act	  on	  more	  of	  the	  available	  water	  column	  
during	  ebb	  reinforce	  this	  process.	  The	  added	  friction	  slows	  velocities	  over	  the	  shoals	  more	  so	  
during	  ebb	  than	  flood,	  allowing	  faster	  landward	  directed	  velocities	  to	  appear	  in	  these	  areas.	  
Additionally,	  oyster	  farms	  appear	  sporadically	  throughout	  the	  upper	  reach,	  most	  notably	  of	  
which	  is	  a	  650	  m	  long	  farm	  on	  the	  left	  shore	  between	  the	  landward	  and	  seaward	  transects.	  Liu	  
et	  al.,	  (in	  prep.)	  found	  that	  the	  farm	  redirects	  flow	  around	  the	  oyster	  cages	  during	  ebb	  and	  
accelerates	  flow	  beneath	  it	  during	  flood;	  this	  process	  again	  reinforces	  the	  mechanisms	  that	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already	  affect	  flow	  dynamics	  in	  this	  reach.	  All	  of	  these	  effects	  of	  a	  changing	  bathymetry,	  
specifically	  the	  reduction	  in	  depth,	  can	  be	  realized	  in	  the	  momentum	  balance	  as	  friction	  
increases	  up	  estuary.	  
3.5.1.2	  Constrictions	  
There	  are	  three	  main	  constrictions	  associated	  with	  the	  three	  reaches	  in	  the	  
Damariscotta	  River:	  a	  constriction	  at	  Fort	  Island	  (seaward	  of	  the	  lower	  reach),	  the	  Glidden	  
ledges	  constriction,	  and	  the	  Hog	  Island	  constriction.	  The	  lower	  reach	  is	  furthest	  from	  its	  most	  
proximal	  constriction	  and	  did	  not	  show	  any	  obvious	  effects	  from	  the	  feature.	  	  
The	  Hog	  Island	  constriction	  affects	  dynamics	  most	  clearly	  on	  a	  tidal	  scale	  at	  the	  
landward	  transect	  in	  the	  upper	  reach	  (Figure	  3.3).	  As	  the	  constriction	  appears	  and	  disappears	  
during	  the	  ebb	  and	  flood	  phases	  of	  the	  tide,	  so	  do	  its	  effects	  on	  flow.	  During	  flood,	  water	  depth	  
is	  sufficient	  such	  that	  landward	  flow	  freely	  occurs	  over	  the	  channel	  and	  shoals.	  On	  ebb,	  the	  
shoals	  around	  the	  constriction	  drain	  into	  the	  main	  channel,	  so	  effectively	  all	  ebb	  flux	  occurs	  in	  
the	  channel	  itself	  and	  little	  to	  none	  occurs	  over	  the	  shoals.	  Because	  ebb	  velocities	  are	  
concentrated	  into	  the	  main	  channel	  (lower	  water	  volume	  during	  that	  phase),	  the	  channel	  is	  
saturated	  by	  the	  peak	  seaward-­‐directed	  velocities	  on	  both	  tidal	  and	  subtidal	  scales.	  Curvature	  
further	  adds	  to	  this	  process;	  discussed	  in	  the	  following	  section.	  At	  the	  seaward	  transect,	  though	  
farther	  from	  the	  constriction,	  the	  same	  subtidal	  pattern	  as	  the	  landward	  transect	  appears	  due	  to	  
the	  funneling	  effect	  through	  the	  main	  channel	  as	  the	  tidal	  flats	  dry	  up	  during	  ebb	  with	  
supporting	  volume	  and	  friction	  effects	  (as	  previously	  discussed)	  and	  additional	  curvature	  effects.	  
The	  most	  obvious	  constriction	  effect	  on	  tidal	  and	  subtidal	  dynamics	  is	  seen	  in	  the	  mid-­‐
reach	  (Figure	  3.3b,	  c,	  g,	  and	  h,	  Figure	  3.5c,	  and	  Figure	  3.6).	  The	  Glidden	  ledges	  constriction	  is	  
actually	  a	  headland	  that	  protrudes	  from	  the	  right	  shore	  towards	  the	  left,	  funneling	  the	  channel	  
into	  a	  smaller	  opening	  both	  in	  width	  and	  depth.	  The	  constriction	  forms	  a	  jet	  on	  the	  landward	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side	  (during	  flood)	  as	  water	  is	  forced	  through	  the	  narrow	  and	  shallow	  opening.	  The	  accelerated	  
tidal	  velocities	  remain	  focused	  for	  at	  least	  1	  km	  landward	  due	  to	  the	  channel-­‐shoal	  morphology.	  
This	  jet	  naturally	  sets	  up	  lateral	  gradients	  in	  along	  channel	  velocities,	  creating	  significant	  lateral	  
flows.	  As	  the	  flow	  continues	  landward,	  depth	  decreases	  and	  the	  basin	  narrows,	  so	  tidal	  
velocities	  reduce	  as	  they	  work	  uphill.	  By	  the	  time	  the	  water	  reaches	  the	  landward	  transect	  in	  the	  
mid-­‐reach	  (1.75	  km	  landward	  of	  Glidden	  ledges),	  the	  laterally	  sheared	  jet	  influence	  disappears.	  
Despite	  these	  constrictions	  acting	  in	  different	  ways,	  the	  effects	  appear	  in	  the	  same	  
terms	  in	  the	  momentum	  balance.	  In	  all	  cases,	  the	  result	  is	  an	  increase	  in	  longitudinal	  and	  lateral	  
advection.	  Lateral	  advection	  enhances	  as	  water	  is	  diverted	  from	  channel	  to	  shoal	  (and	  visa	  
versa)	  and	  from	  strong	  cross	  channel	  gradients	  in	  along	  channel	  velocities.	  Longitudinal	  
advection	  increases	  as	  water	  accelerates	  through	  a	  constriction	  into	  a	  deep	  channel.	  As	  the	  
lower	  reach	  is	  semi-­‐rectangular,	  the	  longitudinal	  advection	  term	  is	  found	  to	  be	  at	  its	  largest.	  
Moving	  up	  estuary,	  the	  lateral	  advection	  term	  is	  found	  to	  increase	  as	  more	  water	  moves	  back	  
and	  forth	  over	  the	  shoals.	  
3.5.1.3	  Channel	  bends	  
Channel	  curvature	  is	  also	  found	  in	  all	  reaches:	  a	  slight	  bend	  landward	  of	  Carlisle	  island,	  
two	  sequential	  bends	  around	  the	  Glidden	  ledges	  headland	  (one	  around	  the	  headland	  itself	  and	  
one	  in	  the	  opposite	  direction	  just	  landward	  of	  the	  constriction),	  the	  curve	  in	  the	  main	  channel	  
between	  the	  two	  transects	  in	  the	  upper	  reach,	  and	  landward	  of	  the	  upper	  reach	  transects	  
around	  the	  Hog	  Island	  constriction.	  Radii	  of	  curvature	  in	  the	  mid-­‐	  and	  upper	  reaches	  are	  R	  =	  600	  
m,	  R	  =	  680	  m,	  and	  R	  =	  2000	  m,	  for	  the	  two	  Glidden	  ledge	  and	  upper	  reach	  bends,	  respectively.	  
Despite	  the	  radius	  around	  the	  headland	  being	  the	  smallest,	  the	  most	  significant	  effects	  on	  flow	  
originate	  from	  the	  curvature	  landward	  of	  Glidden	  ledges	  as	  it,	  along	  with	  the	  constriction,	  sets	  
up	  the	  gyre	  found	  in	  the	  mid-­‐reach.	  After	  the	  jet	  exits	  the	  constriction,	  the	  deep	  channel	  curves	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the	  opposite	  direction	  of	  that	  around	  the	  headland.	  This	  second	  bend	  landward	  of	  the	  
constriction	  acts	  in	  concert	  with	  lateral	  gradients	  in	  landward	  velocity	  and	  generates	  the	  gyre,	  
which	  rotates	  in	  the	  deeper	  portion	  of	  the	  basin.	  While	  this	  mechanism	  cannot	  be	  quantified	  in	  
the	  along-­‐channel	  momentum	  balance,	  it	  could	  be	  done	  across-­‐channel.	  In	  the	  lower	  reach,	  the	  
slight	  bend	  upstream	  of	  the	  landward	  transect	  has	  been	  speculated	  to	  cause	  the	  laterally	  
sheared	  secondary	  EOF	  mode,	  but	  cannot	  be	  definitively	  linked	  using	  the	  current	  analysis.	  In	  the	  
upper	  reach,	  the	  curvature	  from	  right-­‐	  to	  left-­‐sides	  of	  the	  estuary	  is	  found	  to	  induce	  significant	  
lateral	  circulation	  that	  flows	  to	  the	  right	  at	  the	  surface	  and	  left	  at	  depth	  during	  both	  phases	  of	  
the	  tide.	  The	  effect	  can	  also	  be	  seen	  in	  the	  subtidal	  isopycnals	  throughout	  this	  reach.	  The	  upper	  
reach	  shows	  most	  experiences	  most	  effects	  in	  the	  along	  channel	  balance	  during	  spring	  tide	  in	  
the	  landward	  transect	  (Figure	  3.8e).	  The	  sign	  of	  the	  curvature	  terms	  in	  the	  upper	  reach	  indicate	  
that	  both	  transects	  are	  dominantly	  affected	  by	  the	  curvature	  landward	  of	  each	  transect	  
(affected	  during	  ebb).	  While	  the	  landward	  transect	  is	  most	  affected,	  by	  the	  curvature	  around	  
Hog	  Island,	  the	  seaward	  transect	  is	  most	  affected	  by	  the	  curvature	  between	  the	  two	  transects.	  
This	  process	  again	  reinforces	  the	  previously	  discussed	  mechanisms	  in	  this	  reach	  supporting	  
subtidal	  flow	  exhibiting	  landward	  flow	  over	  the	  shoals	  (volume	  effects)	  and	  seaward	  flow	  in	  the	  
channel	  (constriction	  effects)	  with	  ebb	  velocities	  positioned	  over	  the	  outside	  of	  the	  upstream	  
bends	  (curvature).	  
Bend	  effects	  manifest	  in	  the	  curvature	  and	  lateral	  advection	  terms	  of	  the	  momentum	  
balance	  as	  water	  is	  transported	  from	  one	  side	  of	  the	  estuary	  to	  the	  other.	  An	  analysis	  of	  the	  
across-­‐channel	  momentum	  balance	  would	  better	  quantify	  this	  contribution	  to	  local	  dynamics	  
but	  is	  not	  included	  for	  this	  study.	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3.5.2	  Seasonal	  variability	  
Seasonal	  variability	  is	  examined	  in	  the	  mid-­‐reach,	  where	  data	  is	  available	  for	  both	  Fall	  
2016	  (dry)	  and	  Spring	  2017	  (wet)	  seasons.	  While	  the	  tidal	  flow	  characteristics	  are	  similar	  
between	  wet	  and	  dry	  seasons	  in	  this	  reach,	  density	  dynamics	  reveal	  that,	  as	  expected,	  the	  water	  
column	  remains	  relatively	  more	  homogenous	  during	  low	  river	  discharge.	  Subtidal	  flows	  are	  
distinguishably	  different	  in	  the	  appearance	  of	  a	  mix	  of	  laterally	  and	  vertically	  sheared	  flow	  in	  the	  
wet	  season,	  where	  the	  pattern	  is	  purely	  laterally	  sheared	  during	  the	  dry	  season.	  The	  added	  
baroclinic	  forcing	  can	  be	  further	  recognized	  in	  the	  second	  EOF	  mode,	  exhibiting	  classical	  two-­‐
layer	  circulation,	  which	  only	  appears	  in	  the	  EOF	  analysis	  during	  the	  wet	  season.	  	  
3.5.3	  Implications	  for	  a	  changing	  climate	  
In	  forecasting	  conditions	  for	  the	  future,	  we	  assume	  the	  largest	  impacts	  on	  the	  
Damariscotta	  River	  will	  be	  from	  sea	  level	  rise	  and	  increased	  precipitation.	  Increased	  
precipitation	  would	  change	  current	  density	  gradients	  as	  the	  volume	  of	  freshwater	  input	  would	  
change.	  This	  larger	  influence	  of	  density	  gradients	  would	  likely	  strengthen	  density	  driven	  flow	  
throughout,	  encouraging	  a	  two-­‐layer	  subtidal	  flow	  such	  as	  that	  observed	  in	  the	  lower	  reach.	  
Increasing	  mean	  depth	  throughout	  the	  estuary	  potentially	  changes	  the	  impact	  of	  many	  of	  the	  
key	  mechanisms	  we’ve	  identified	  as	  controlling	  tidal	  and	  subtidal	  dynamics.	  The	  lower	  reach	  
would	  likely	  be	  unaffected	  by	  the	  change	  as	  it	  is	  so	  deep	  and	  exhibits	  very	  simple,	  two-­‐layer	  
circulation.	  In	  the	  mid-­‐reach,	  a	  changing	  sea	  level	  does	  nothing	  to	  affect	  the	  constriction,	  the	  
flow	  around	  the	  headland,	  or	  the	  longitudinal	  depth	  gradient,	  and	  therefore,	  would	  also	  not	  be	  
likely	  to	  change	  local	  dynamics.	  
Sea	  level	  rise	  does,	  however,	  offer	  significant	  potential	  to	  change	  the	  observed	  tidal	  and	  
subtidal	  dynamics	  in	  the	  upper	  reach.	  The	  most	  direct	  effect	  would	  be	  on	  the	  volume	  of	  water	  
over	  the	  shoals	  during	  ebb	  tide.	  If	  we	  assume	  a	  1	  m	  increase	  in	  mean	  sea	  level	  acting	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everywhere	  in	  the	  estuary,	  the	  depth	  over	  the	  shoals	  in	  the	  upper	  reach	  no	  longer	  becomes	  
exposed	  during	  any	  phase	  of	  the	  tide.	  This	  assumingly	  decreases	  differences	  in	  frictional	  effects	  
between	  flood	  and	  ebb	  phases,	  decreasing	  some	  of	  the	  observed	  tidal	  asymmetry	  in	  mixing,	  
reducing	  the	  relative	  strength	  of	  the	  frictional	  term	  in	  the	  momentum	  balance.	  However,	  the	  
upper	  reach	  would	  likely	  continue	  to	  be	  heavily	  by	  the	  constriction	  just	  landwards	  of	  the	  
northern	  transect	  because	  the	  shoals	  adjacent	  to	  the	  constriction	  would	  still	  be	  exposed	  under	  a	  
1	  m	  increase.	  If	  2+	  m	  of	  sea	  level	  rise	  was	  possible,	  the	  effects	  of	  the	  constriction	  may	  change.	  
Assuming	  this	  was	  possible,	  the	  concentrated	  ebb	  flow	  in	  the	  main	  channel	  may	  show	  decreased	  
peak	  velocities	  as	  the	  flow	  is	  distributed	  over	  a	  significantly	  larger	  area.	  The	  same	  tidal	  
asymmetry	  effects	  that	  originate	  from	  the	  frictional	  term	  would,	  however,	  still	  be	  applicable.	  So,	  
while	  the	  momentum	  balance	  would	  most	  certainly	  change,	  the	  overall	  patterns	  observed	  in	  the	  
Damariscotta	  river	  would	  likely	  appear	  similar	  even	  under	  a	  sea	  level	  rise	  of	  ~1	  m.	  
3.6	  Conclusions	  
Tidal	  and	  subtidal	  dynamics	  in	  the	  Damariscotta	  River	  were	  investigated	  and	  found	  to	  
show	  significant	  variability	  along	  estuary.	  The	  lower	  reaches	  of	  the	  estuary	  exhibit	  vertically	  
sheared	  flow	  patterns	  typical	  of	  gravitational	  circulation.	  Despite	  the	  strong	  tidal	  influence	  and	  
small	  freshwater	  discharge	  in	  the	  system,	  subtidal	  flow	  patterns	  and	  dominate	  modes	  from	  and	  
EOF	  analysis	  were	  found	  to	  align	  with	  results	  from	  an	  analytical	  density	  driven	  flow	  model,	  
indicating	  dominate	  baroclinic	  forcing.	  The	  mid-­‐reach	  of	  the	  estuary	  exhibits	  a	  mix	  of	  laterally	  
and	  vertically	  sheared	  tidal	  and	  subtidal	  flow	  with	  inflow	  over	  the	  channel	  and	  outflow	  over	  the	  
shoals.	  Two	  transects	  data	  were	  available	  in	  the	  mid-­‐reach,	  a	  seaward	  transect	  would	  was	  
located	  just	  up-­‐estuary	  of	  a	  constriction	  and	  another	  transect	  ~1	  km	  landward.	  The	  seaward	  
transect	  was	  found	  to	  produce	  laterally	  sheared	  flows	  during	  both	  wet	  and	  dry	  seasons,	  with	  an	  
added	  degree	  of	  vertically	  sheared	  during	  the	  wet	  season.	  These	  laterally	  sheared	  patterns	  were	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identified	  as	  effects	  from	  the	  seaward	  constriction	  and	  local	  curvature	  while	  the	  vertically	  
sheared	  patterns	  were	  identified	  as	  baroclinically	  driven.	  The	  upper	  reach	  of	  the	  estuary	  showed	  
a	  reversed	  laterally	  sheared	  pattern	  of	  that	  in	  the	  mid	  reach	  with	  outflow	  in	  the	  channel	  and	  
inflow	  over	  the	  shoals.	  A	  constriction,	  curvature,	  and	  frictional	  effects	  were	  identified	  to	  cause	  
the	  observed	  regime;	  all	  favoring	  ebb	  flows	  in	  the	  main	  channel	  and	  added	  flood	  flow	  over	  the	  
shoals.	  A	  momentum	  analysis	  identified	  advective	  and	  frictional	  acceleration	  magnitudes	  all	  
increased	  up	  estuary,	  heavily	  influenced	  by	  localized	  complex	  morphologies.	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